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ABSTRACT 
This work was targeted at characterizing the effect of high pressure on the kinetics of 
lysozyme crystallization via a series of experiments and mathematical modeling. Pressure 
effects on nucleation and crystal growth were distinguished by evaluating the rate constants 
for the two kinetic processes at various pressures. 
In the first phase of the work, the effect of high pressure on lysozyme crystallization 
was examined with a primary objective of increasing the rate of crystallization. Lysozyme 
crystallization was carried out initially at a concentration of 40 mg/mL, pH 4.5 and 0.8 M 
sodium chloride at pressures ofO.l, 50, 100 and 150 MPa. A factorial experiment was 
performed with level of pressure and time of pressurization as the two factors with four levels 
of each factor. Protein recovery in crystals at atmospheric pressure was significantly different 
from all the pressure-treated samples. An overall enhancement of the rate of crystallization 
could be obtained by a period of pressure followed by growth at atmospheric pressure. Initial 
duration at elevated pressure for either 10 min or 2 h followed by growth at atmospheric 
pressure for a total time of 36 h (including the time of pressurization) resulted in overall 
crystallization rates that were 2-3 times higher than those obtained without pressurization. 
Pressure effects were not evident for lower protein concentrations of 19 and 28 mg/mL. 
Enzymatic activity was unchanged and protein solubility appeared unchanged as a result of 
pressurization. A similar behavior was observed at a pH closer to the iso-electric point (pH 
9.5), i.e. a period of pressurization followed by growth at atmospheric pressure gave 
X 
crystalline protein recoveries that were 1.5 times higher than the crystallization at 
atmospheric pressure. 
The population balance model was used as a relatively easy but efficient way to 
obtain the kinetic constants for nucleation and crystal growth. Both nucleation and crystal 
growth rates were expressed as power law functions of supersaturation and the rate constants 
were evaluated by a combination of experimental observations and mathematical modeling at 
atmospheric pressure (0.1 MPa) and at three different pressures (34, 68 and 100 MPa). Single 
crystal growth measurements (atmospheric pressure only), experimental concentration profile 
and a count of the total number of crystals at the end of the batch time were sufficient to 
determine the kinetic expressions for nucleation and crystal growth. The model was 
successfully used to predict results at two other initial protein concentrations and showed that 
the kinetic constants for nucleation and growth were an order of magnitude lower at the three 
high pressures. Transition state theory was used to quantify the effect of pressure on the 
crystallization kinetics of lysozyme. The activation volume (AV*) for nucleation and crystal 
growth were estimated to be -i-90 cm'Vmol and +40 cmVmol respectively, though the behavior 
did not conform well to this model. 
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CHAPTER 1. INTRODUCTION 
Crystallization, one of the oldest known unit operations, has been widely used in 
numerous chemical industries. Because of the extremely high purity levels that can be 
obtained, crystallization has been employed as a final purification/refining process, especially 
in the pharmaceutical industry where purity is of utmost importance. Crystallization has also 
found use as an intermediate purification/recovery process where it can provide good 
separation factors at relatively low cost. With the advent of recombinant DNA technology, a 
number of biological therapeutics and drugs have been discovered and are being 
manufactured on a large scale. In spite of the advantages of crystallization as a unit operation, 
protein crystallization has found little use in the industry. 
Over the years, a nimiber of methods for crystallizing inorganic molecules have been 
developed. Low molecular weight systems are relatively simple and well characterized in 
terms of bonding energies and free energies in solution, information that makes them easy to 
control, manipulate and predict. Proteins, on the other hand, are complex biological macro-
molecules comprised of long chains of amino acids in which charge, steric, hydrophobic and 
hydrophilic interactions are of significant importance. This makes protein crystallization both 
challenging to understand and difficult to perform. 
Protein crystallization is sensitive to changes in a variety of physical parameters that 
may alter the physical, chemical and thermodynamic properties of the solution. Pressure is an 
intrinsic thermodynamic variable of fundamental importance that is known to influence the 
structure and function of the solute and solvent molecules in solution. High pressure, though 
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relatively easier to achieve than, for example, the often studied state of microgravity, has 
been long neglected in the area of protein crystallization. This work is targeted at studying 
the effects of high hydrostatic pressure on the kinetics of protein crystallization. 
Lysozyme has been used as a model protein in a variety of protein crystallization 
studies. It is a relatively inexpensive protein and is commercially available in large quantities. 
Lysozyme is stable up to pressures as high as 500 MPa and crystallizes with considerable 
ease on the addition of sodium chloride. For these reasons lysozyme was chosen for our 
studies of the effects of high hydrostatic pressure on protein crystallization and modeling of 
batch crystallization kinetics. 
The specific objectives of this work were: 
1) To study the effect of the level of pressure and time of pressurization on the rate of 
crystallization. 
2) To model the kinetics of batch lysozyme crystallization mcluding the evaluation of the 
kinetic constants for nucleation and crystal growth at atmospheric and high pressure. 
3) To quantify the effect of pressure on the kinetics of nucleation and crystal growth by 
evaluating the activation volumes for nucleation and growth. 
The model developed can be used to obtain the kinetic constants for nucleation and 
crystal growth and the crystal size distribution, all of which are needed in crystallizer design. 
The kinetic constants would also enable the design of experiments to obtain crystals of better 
quality for crystallographic structural studies. Evaluation of the activation volumes for 
nucleation and crystal growth by estimating the kinetic constants for the same at different 
3 
pressures, would provide and insight into the sxirface characteristics that influence protein 
crystallization. 
Dissertation Organization 
The dissertation contains three main sections. The first section (Chapters 1-3) 
provides a general introduction to some of the basic principles and concepts of crystallization 
followed by a comprehensive review of the pertinent literature. Chapter 3 shows the 
development of a population balance model to describe batch lysozyme crystallization. 
The next section consists of two journal manuscripts (Chapters 4, and 5). Chapter 4 
deals with the effects of level of pressurization and time under pressure on the yield of 
crystalline protein. Chapter 5 deals with the modeling of batch lysozyme crystallization to 
obtain the appropriate kinetic parameters for nucleation and crystal growth and the effects of 
pressure on those kinetic parameters. 
The thesis concludes with the overall conclusions followed by the appendices. 
Appendix A has a description of the high pressure apparatus and results not included in either 
of the papers, including crystallization studies near the isoelectric point. Appendix B has the 
program listings for the kinetic modeling. References cited in Chapters 1-3 and Appendix A 
are listed at the end. 
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CHAPTER 2. LITERATURE REVIEW 
Proteins 
Proteins are long chains of amino acids covalently bound by peptide bonds. 
Proteins in all species are made from the same set of twenty amino acids. These complex 
biological macromolecules, with molecular weights ranging from thousands to millions, 
comprise the working machinery of life. 
Each protein has a unique sequence of amino acid residues, which determines its 
biological and physico-chemical properties. The three dimensional structure of proteins is 
usually described by four levels of structure (Stryer, 1988). The sequence of amino acids 
in the polypeptide chain along with the disulfide bonds are referred to as the primary 
structure of the protein. Secondary structure refers to the spacial arrangement of amino 
acids near one another in the linear sequence. The a-helix, the P-pleated sheet and the 
collagen heUx are examples of secondary structure. The tertiary structure of the protein is 
the ordering of amino acids that are far apart in the linear sequence. Finally, some proteins 
are composed of aggregates of simple protein subunits whose ordering is the quaternary 
structure. 
The amino acids that make up the primary structure of the proteins are either 
positively charged, negatively charged or have no charge at neutral pH depending on the 
side chain of the amino acid. The unique spatial arrangement of the amino acids 
determines the function of the protein. Proteins are sensitive to temperature, pressure, pH 
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and ionic strength. Extremes of any of these can lead to irreversible changes in the 
conformation of the protein, rendering it inactive. 
Lysozyme 
Lysozyme was first discovered by Alexander Fleming in 1922 (Stryer, 1988)and is 
today one of the very well-characterized enzymes whose three-dimensional (3-D) structure 
and mode of enzyme action are known in atomic detail. The name lysozyme was aptly 
given to this protein, lyso because of its ability to lyse bacteria and zyme because it was an 
enzyme. 
Lysozyme is a relatively small enzyme with a molecular weight of 14600 whose 
polypeptide chain is made up of 129 amino acids. The 3-D structure is comprised of a 
small amount of a-helix which include three runs each of about ten residues long (5-15, 
24-34 and 88-96). The rest of the protein is comprised mostly of extended p-sheets. The 
interior of the protein is made up of hydrophobic residues that play an important role in 
the folding of the molecule. The 3-D structure, determined using x-ray crystallography 
(Blake et al., 1965,1967a), revealed that there are six disulfide bridges that stabilize the 
structure of the protein and a considerable volume of solvent. In the crystal lattice, each 
protein molecule is in contact with other protein molecules only over a firaction of its 
surface, the rest being solvent-mediated contact. Five distinct areas of contact on the 
surface were identified where the molecule is in contact with its neighbor. 
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The substrate of lysozyme is a polymer of the two sugars, N-acetyl glucosamine 
(NAG) and N-acetyhnuramate (NAM). Lysozyme, a glycosidase, hydrolyzes the 
glycosidic bond between C-1 of NAM and C-4 of NAG (Blake et al., 1967b). The cell 
wall of Micrococcus lysodeikticus is made up of alternating NAM and NAG units. The 
rate of change of absorbance of a cell suspension is a measure of the activity of the 
enzyme (Parry ef fl/., 1965). 
Principles of Nucleation and Growth 
Crystallization is characterized by nucleation or new crystal formation followed by 
crystal growth. A necessary condition for crystallization is that the solution is supersaturated, 
i.e., the concentration of the solute in solution is above its equilibrium solubiUty. The level of 
supersaturation, hydrodynamic conditions in the crystallizer and the presence of other 
materials either in suspension or in solution affect the degree to which crystals form and 
grow. Certain conditions favor the formation of crystals (nucleation), but not their growth, 
and certain others may favor growth, but not nucleation. 
Nucleation 
Nucleation is a result of a series of reactions by which the individual molecules come 
together to form an aggregate that grows into a crystal nucleus. Nucleation or new crystal 
formation can occur either by primary or by secondary mechanisms. Primary nucleation 
refers to all cases of nucleation from solutions or suspensions that do not contain crystals of 
the material that is crystallized. Such nucleation occurring spontaneously from pure solutions 
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is called homogeneous nucleation, but if it is induced by the presence of any foreign 
particles, it is called heterogeneous nucleation. The term secondary nucleation is used to 
describe any nucleation mechanism that requires the presence of suspended solute crystals. 
Formation of a crystal nucleus requires the constituent molecules to cluster in an 
oriented manner into a fixed lattice. The number of molecules in a stable crystal nucleus 
can vary from about ten to several thousand. A stable nucleus is likely a result of a 
sequence of several bimolecular additions of the solute that results in a critical cluster. 
Further molecular addition to the critical cluster would result in nucleation and subsequent 
growth of the crystal nucleus. 
The free energy changes associated with the process of homogeneous nucleation 
may be considered as follows: The overall free energy change AG as a result of crystal 
nucleating homogeneously from solution is given by 
AG=AGj + AGp'  (1)  
where AG^ is the free energy change required to form the sxirface of the nucleus and AGf. is 
the free energy change resulting when the solute changes from the liquid to the solid state. 
Assiuning the nucleus to be approximately spherical with a radius r, the total free energy 
change is given by 
AG = 4Tir y+—Tir  AG 
3 (2) 
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where AGv is the free energy change of the transformation per vmit volume and y is the 
interfacial tension. The critical nucleus of radius corresponds to a maximum value of 
AG. Differentiation of the above equation with respect to r and equating to zero leads to 
r i-
V (3) 
A number of small clusters are continuously appearing and redissolving in a 
supersaturated solution. Only those that attain a critical size given by are stable and 
grow to form crystals. The rate of nucleation bP, the number of nuclei formed per unit 
time per unit volume can be expressed in Arrhenius-type form as 
= Cexp(-^G* / KT) (4^ 
where AG* is the free energy change to form a cluster of radius r^. 
Crystal growth 
The mechanism of crystal growth from solution requires that solute molecules 
from the bulk be transported to the growing crystal surface and then integrated into the 
crystal lattice by attachment to a small nimiber of specific sites. The two successive steps 
required are diffusion followed by surface reaction. If the growth rate is limited by 
diffusion, the growth is said to be mass transfer or diffusion-controlled. The growth rate 
can be represented by the simple mass transfer equation 
dM D 
= — A(c-s) 
dt X (5) 
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where M is the mass of the solute, D is the diffiision coefficient, x is the difiusion distance 
(film thickness), A is the surface area of the crystal and (c-s) is the difference between 
actual concentration and the saturation concentration. As the film thickness is a 
hypothetical construct, (D/x) is generally replaced by the mass transfer coefficient k. 
dM 
= kA(c-s) 
dt (6) 
When mass transfer is the controlling mechanism, growth rate increases as the relative 
velocity between growing crystal and the supersaturated solution is increased until a point 
when further increase in velocity no longer increases the growth rate and the growth rate is 
said to be surface-integration controlled. 
There are many theories describing the actual integration step. Three general 
categories are as follows. 
(i) Continuous growth model 
This model assimies a rough surface as shown in Figure 1(a) where the growth unit 
integrates at a site of the lowest energy for its orientation. The growth rate of the face is 
described as 
G=K(c-s) (7) 
where ^ is a constant, c is the concentration and s is the equilibrium solubility. 
(ii) Surface nucleation growth 
This model, also known as birth and spread model, is controlled by the firequency 
of formation of two-dimensional nuclei on the smooth face of a growing crystal (Figure 
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1(b)). The controlling step is nucleation, the subsequent spread around the nucleus being 
much more rapid because of lower energy requirements. The facial growth rate is given by 
G = A's'^ exp(-B7s') 
where p.B'dxc constants and j' is the relative supersaturation defined as (c-s)/s where 
c is the concentration and s is the equilibrium solubility. 
(iii) BCF or screw dislocation model 
The Burton-Caberra-Frank (BCF) model, which is the one that is most often used, 
incorporates the idea of a self-perpetuating kink or ledge and leads to the concept of screw 
dislocation as shown in Figure 1(c). According to this theory the facial growth rate is 
related to the supersaturation by 
where A, B are constants and s' is the relative supersaturation. 
Growth rates are often fitted with an empirical or power law type equations as 
shown: 
Although the above equations are not a result of a detailed theory, it is generally assumed that 
for screw dislocation growth, n= 2 and that n> 2 indicates surface nucleation (Nielson, 
1984; Nielson and Toft, 1984). 
G = As'^ tanh(B / s') (9) 
or (10) 
II 
(a) 
(c) 
(b) 
0 
-ScjiZ. 
Surface 
Nucleus 
Figiire 2.1 Mechanisms of crystal growth 
(a) Continuous growth model, (b) Surface growth model, (c) BCF model 
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Protein Crystallizatioii 
Protein (or macromolecular) crystallization, like any small inorganic molecule 
crystallization, is driven by the laws of thermodynamics i.e. minimization of free energy 
leading to nucleation and crystal growth. However, owing to the complexity of the species 
involved, crystallization of macromolecules is a rather difficult and slow process. The 
techniques used are slightly different from those used to crystallize inorganic molecules, 
although techniques for both are based on the principle of driving the system to a state of 
minimum solubility. Some of the similarities and differences between macromolecular 
crystallization and inorganic molecule crystallization can be listed as follows; (Feigelson, 
1988; Ducruix and Giege, 1992). 
Similarities 
* Fundamental laws of thermodynamics are applicable to both systems. 
* Crystals are formed by a process of nucleation and growth. 
* Supersaturation is the driving force for nucleation and growth. 
* Growth rate and crystal morphology are determined by growth conditions. 
Differences 
* Charge effects are more important in protein crystallization than in inorganic molecule 
crystallization. 
* Crystallization experiments using biological molecules are often conducted in small 
volumes, the microliter to milliliter range, compared to the milliliter to liter range for 
inorganic molecule crystallization. 
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* Bonding types in macromolecular crystals are predominantly molecular and hydrogen 
as opposed to ionic or covalent in inorganic crystals. 
* Free water is an integral part of protein crystals, which is not so in inorganic crystals. 
* Proteins are subject to biological degradation. 
Over the years a nimiber of techniques have been developed, mostly by trial, to 
crystallize proteins (McPherson, 1982). A common principle on which all methods are 
based is to slowly increase the level of supersaturation until molecules are forced out of 
solution. If given sufficient time, these molecules arrange themselves in a crystal lattice. 
Although there have been cases where crystallization has been used as a preparative 
technique for obtaining pure proteins (e.g. pepsin (Northrop et al., 1948) and lysozyme 
(Alderton et al., 1946)), most of the work in this area has been aimed at obtaining single 
large crystals for crystallographic studies to determine their molecular structure. 
Solubility of most inorganic molecules is a strong function of temperature. Thus 
cooling or heating to achieve supersaturation is extensively used in industry for 
crystallizing small inorganic molecules. Even though the solubility of proteins is a 
function of temperature, this method of creating supersaturation is not applicable to 
protein crystallization because proteins are sensitive to extreme temperature. At high 
temperatures proteins tend to unfold from their native conformation, rendering them 
inactive. Thus, even if protein solubility is a function of temperature, there is a potential 
limitation on using temperature shifts as a method for creating supersaturation. 
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More usefully, the presence of organic solvents, polymers and inorganic salts 
affect the solubility of proteins in solution. These agents tend to compete with protein 
molecules for the water available for solvation. Gilliland (1988) listed all the inorganic 
salts and organic solvents commonly used in protein crystallization. 
Inorganic salts 
Ammonium or sodium sulfate Sodium or potassium phosphate 
Lithium sulfate Sodiiun or potassium chloride 
Lithium chloride Sodium or ammonium acetate 
Sodium or ammonium citrate 
Magnesiimi sulfate 
Organic solvents 
Ethanol 
Isopropanol 
2-methyl-2,4-pentanediol 
Dioxane 
Acetone 
Ammonium nitrate 
Butanol 
Acetonitrile 
Methanol 
Dimethyl sulfoxide 
2,5-Hexanediol 
Polyethylene glycol 
Though much work has been done in developing techniques to crystallize proteins 
to obtain large single crystals of sufficient size for X-ray crystallographic studies, little 
work has been done on the kinetics of protein crystallization. The first extensive study in 
protein crystallization was on insulin by Schlichtkrull (1957). The effects of metal ions. 
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supersaturation and seeding on the crystal size and habit and the growth rate of insulin 
crystals were reported. Since then, attempts have been made to explain and characterize 
the crystallization behavior of proteins. Pre-nucleation studies using spectroscopic 
(Georgalis et al., 1993) and light scattering techniques (Lafont et al., 1994) indicate the 
presence of stable aggregates in crystallizing protein solutions. It is, however, uncertain as 
to whether the aggregation reactions taking place prior to and after nucleation are by 
addition of monomers to a growing cluster or by larger aggregates themselves attaching to 
the growing nucleus/crystal. 
In inorganic molecule crystallization, crystal growth is known to occur by the 
attachment of single monomer molecules to the growing aggregate/crystal. It was 
presumed that protein crystal growth also occurs by the same mechanism (Kam et al., 
1978). More recent studies have shown the presence of various aggregates in 
supersaturated protein solutions. The maximum growth rate observed in these studies 
corresponded to the maximum in the aggregate concentration, which led to the belief that 
protein crystal growth occurs by the attachment of an aggregate, rather than a monomer. 
Kinetic studies in protein crystallization can be broadly classified into three 
categories: 
(1) Growth kinetics based on individual crystal growth measurement 
This category includes studies in which growth rates of single growing crystals are 
measured microscopically by observing individual crystal faces. Most of the kinetic studies 
in protein crystallization fall into this category [insulin (Schlichtkrull, 1957); lysozyme 
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(Ataka and Tanaka, 1986; Pusey and Namnann, 1986; Pusey et al., 1986; Durbin and Feher, 
1988; Monaco and Rosenberger, 1993; Forsythe etal., 1994; Li etal., 1995)] and canavalin 
(DeMattei and Feigelson, 1989). The growth rate and soluble protein measurements at 
different instances of time are used to obtain the functional dependence of growth rate on 
supersatiuration. Durbin and Feher(1988) observed the growth of {110} and {101} faces of 
groAving tetragonal lysozyme crystals. They concluded that, for the wide range of 
concentrations under investigation, no single model explained the observed growth rates. 
Rather, the growth proceeds by screw dislocation mechanism at low supersaturations and by 
two-dimensional nucleation mechanism at high supersaturations. Their use of the power law 
approach to fit their data (using as the measure of supersaturation) gave exponent 
values ranging firom 2.0 to 3.8 in all their experiments. Pusey and Naumann (1986), also 
working with tetragonal lysozyme crystals, report that the growth rate of {110} face is 
controlled by surface kinetics. The growth rate was found to be proportional to the square of 
the local supersaturation, (c-s)/s, using an empirical power law model, which suggests that 
growth follows the BCF mechanism. Among other proteins whose growth rates were 
reported are insulin (SchUchtkrull, 1957) and canavalin (DeMattei and Feigelson, 1989). The 
observed growth rates of insulin were also seen to be proportional to the square of the 
supersaturation, (c-s). In the case of canavalin, the growth rate was proportional to (c/sf '^^. In 
growth rate studies of insulin and lysozyme, crystals obtained by primary nucleation in the 
crystallization chamber were observed as opposed to growth rates of seeded batches in the 
case of canavalin. In the supersaturation ranges studied, it was concluded that growth of 
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canavalin seeds is best described by the screw dislocation mechanism. The applicability of 
these models to protein crystallization is debatable, since they were derived for inorganic 
molecule crystallization where the supersaturation levels are considerably lower than those 
used in protein crystallization. 
(2) Growth kinetics based on crystal size distribution (CSD) 
The second category of kinetic studies deals with the growth rate studies in bulk 
crystallization, as in the case of ovalbumin (Judge et ai, 1995). Seeded solutions of 
ovalbumin were used and from the measurements of CSD at different time intervals, growth 
rate was evalimted and related to the supersaturation. 
(3) Crystallization kinetics based on concentration profile 
The third category of kinetic studies deals with batch crystallization kinetics, not just 
growth kinetics as was done in the previous two cases, using a differential equation model 
(Ataka and Tanaka, 1990; Bessho et ai, 1994). A two-parameter model was developed that 
combines the nucleation and growth rates in lysozyme crystallization to give a single rate 
equation based on the concentration profile. The equation thus obtained is however unable to 
separate nucleation and growth kinetics. 
Pressure Effects on Protein Conformation 
Interest in the pressure effects on biological organisms and macromolecules was 
triggered by the discovery of life in the deep sea over a hundred years ago. The average 
depth of the ocean is 3800 m, with pressures of approximately 38 MPa and temperatures 
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ranging between 1 °C and 4 °C (Siebenaller, 1987). A variety of studies have examined the 
effects of pressure on the structure and flmction of proteins. Such studies include the 
measurement of compressibility of proteins in solution (Gekko and Noguchi, 1979; Gekko 
and Hasegawa, 1986), dissociation of subunits (Weber, 1987,1992), denaturation (Morild, 
1981; Low and Somero, 1975) and enzyme kinetics (Morild, 1981, Kim and Dordick, 
1993). High pressure can affect the 3-D structure of the protein by direct compression of 
the amino acid residues or by altering the structure of the hydrated solvent layer (usually 
water) around the protein and by altering the structure of the bulk solvent. Compression of 
the amino acid residues may lead to changes in their orientation, resulting in changes in 
the 3-D structure of the protein. Changes in the hydration layer affect the interactions of 
the amino acid residues with the hydration layer by breaking or forming of hydrogen 
bonds (hydrophobic interactions). Any changes the bulk solvent (resulting in changes in 
pH, for instance) may also affect the degree of orientation of the amino acid residues and 
hence their interactions with the hydration layer. Such inter- and intra-molecular changes 
under pressure may affect the crystallization behavior significantly. 
The effect of pressure on various proteins, their structure, flmction, assembly and 
other biochemically important reactions has been summarized in a few good reviews 
(Jaenicke, 1981; Crop and Jaenicke, 1994, Morild, 1981). Reversible and irreversible 
changes have been observed to occur in protein solutions subjected to high pressure (50 to 
800 MPa). Single-chain proteins at room temperature and neutral pH are generally found 
to be stable up to pressures as high as 400 MPa. Some of the enzymes known to be stable 
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and active up to pressures of 100 MPa or more are a-amylase, invertase, luciferase, malic 
dehydrogenase, succinic dehydrogenase, agarase, alcohol dehydrogenase, lysozyme, 
pepsin and pyrophosphatase. Jason et al. (1940) studied the effects of pressure on the 
activity of pepsin and rennin. Activity of both the enzymes was seen to decrease with 
increase in pressure at a constant exposure time. Activity was also seen to decrease with 
the increase of exposure time at constant pressure. Morita and Haight (1962) reported the 
effect of pressure on the activity of malic dehydrogenase at 101 "'C. Temperatures of 100 
°C are known to denature malic dehydrogenase. On applying pressures greater than 70 
MPa the activity of mahc dehydrogenase was restored. Activity at a temperature of 101 °C 
was seen to increase for pressures greater than 70 MPa with an optimal activity at 130 
MPa. Thus, they concluded that pressures above 70 MPa up to 130 MPa were sufficient to 
offset the temperature denaturation. 
Pressure effects on lysozyme have been studied using fluorescence polarization 
(Chryssomallis, 1981), Raman spectroscopy (Heremans and Wong, 1985) and NMR 
spectroscopy (Samarasinghe et al., 1992). Significant conformational changes were 
observed for pressures exceeding 500 MPa. At low protein concentrations reversible 
changes were observed up to 1000 MPa, whereas at high protein concentrations (100 
mg/mL) there were permanent changes/denaturation. The denaturation was a result of a 
decrease in random coil and a-helix concentration which resulted in the unfolding of the 
protein. 
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Among other proteins whose changes in conformation with pressure were observed 
are chymotrypsinogen A (Chryssomallis et al., 1981) and deoxymyoglobin (Yamato et al., 
1993). Chymotrypsinogen A was stable up to 630 Mpa, above which irreversible 
denaturation occurred. Yamato et al. (1993) report the compressibilities of the various 
regions of the deoxymyoglobin molecule. The compressibilities in decreasing order were 
as follows: 
inter-helix > entire molecule > hydrophobic clusters > intra-helix. 
A problem associated with the interpretation of the compressibility data is that they refer 
to the solution as a whole and not just to the protein molecule. To overcome this problem 
Kundrot and Richards (1987) used lysozyme crystals rather than protein solutions to study 
the compressibility of protein molecules. Lysozyme crystals were subjected to high 
hydrostatic pressures. As with deoxymyoglobin, it was seen that different regions of the 
lyso2:yme molecule had different compressibilities. The estimated compressibilities of 
lysozyme and deoxymyoglobin are 0.43x10'" Pa'' (Kundrot and Richards, 1988) and 
0.94x10''' Pa"' (Yamato et al., 1993) respectively, both of which are an order of 
magnitude lower than small molecules. The compressibilities of water, carbon 
tetrachloride, and benzene at 20 °C are 4.58x10"" Pa'', 10.46x 10'" Pa'' and 9.81x10'" 
Pa'' (Handbook of Chemistry and Physics), respectively. Gekko and Noguchi (1979) 
attribute the low compressibilities to the offsetting contributions of the three factors to the 
partial molar volume of a protein. The three are: 
a) the atomic volume of the amino acid residues 
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b) the void volume in the protein 
c) the volume change due to solvation 
The atomic volume of the amino acid residues is considered to be incompressible. 
AppUcation of pressure leads to a large compression of voids. However, changes in the 
hydration layer (possibly due to the breakage of certain bonds) there is an increase in 
volimie change due to hydration. The opposing effects lead to a relatively small 
compressibility of proteins. 
Crystallization under Pressure 
According to Le' Chatelier's principle, any reaction resulting in a decrease in volume 
is favored at higher pressures. This principle has been extensively used to study the effect of 
pressure on various chemical and biochemical reactions. The effect of pressure on the 
equilibrium and kinetic rate constants (AT and k respectively) in terms of the volume change is 
given by the following two relationships (Laidler, 1965): 
(  d  ln(K)]  
dp 
^dln(k)^  
dp 
^ (U) 
RT 
AV (12) 
RT 
where AFis the volume change between final and initial states and AV* is the volimie 
change for formation of the intermediate activated complex. Crystallization firom solution 
can be considered as a process that involves a series of reactions that lead to the formation 
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of new crystals and their growth. The two main kinetic processes involved are the 
nucleation and crystal growth. Both nucleation and growth rates, 5" and G. can be 
expressed as a function of solute concentration in terms of their rate constants k„ and kg, 
respectively. The effect of pressure on the rate of crystallization can be evaluated by 
obtaining the rate constants for nucleation and growth at different pressures and evaluating 
the activation volumes for each of these processes using equation 12. If more than one 
species is involved in forming the activated intermediate, such as some of the solvent in 
this case, then the combined volume change of all species in forming the activated state 
would be the determining factor. The work done on the effect of pressure on the 
crystallization behavior of macromolecules (organic polymers and proteins) is reviewed in 
the next few pages. 
Crystallization of Polvmers under Pressure 
Polyethylene has been crystallized over a wde range of pressures, primarily to 
study the structural changes in the polymer at high pressures. At atmospheric pressure 
polyethylene crystallized from a melt was composed of thin lamellae in folded-chain 
conformation. However, at crystallization pressures greater than 300 MPa polyethylene 
crystallized in the form of extended-chain crystals (Monobe et al, 1974). Maeda and 
Kanetsuna (1974) also reported similar crystallization behavior of polyethylene up to 
pressures of approximately 600 MPa. At pressures below 200 MPa only folded-chain 
crystals were formed. As the pressure was raised extended-chain crystals were seen to 
form along with folded-chain crystals. The extended-chain crystals are thermally more 
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Stable than the folded-chain crystals and have higher melting points. Data on the kinetics 
of polyethylene crystallization at high pressure were not presented. If the extended-chain 
polymeric crystals were denser than the folded-chain conformation, this might result in a 
negative for the reaction to form extended chain crystals as opposed to a less negative 
or positive AF for the formation of folded-chain conformation crystals. If this were the 
case, the formation of extended-chain crystals would be favored at high hydrostatic 
pressures. 
Protein Crvstallization under Pressure 
Protein crystallization at high pressure was first reported by Visuri et al. (1990). 
Glucose isomerase, a tetrameric peptide protein having a molecular weight of 
approximately 150,000, was crystallized under hydrostatic pressures as high as 300 MPa. 
The protein crystallized an order of magnitude faster at 200 MPa than it did at atmospheric 
pressure (0.1 MPa), i.e. crystallization was complete in 15 min at high pressures as 
opposed to hours to days at atmospheric pressure. The rate of crystallization increased 
with increasing pressures from 0.3 g/L.min at 0.1 MPa to 5.0 g/L.min at 200 MPa which is 
approximately 17 times higher than at 0.1 Mpa. The authors, however, present no 
conclusion as to whether changes in nucleation, crystal growth or both were responsible 
for the dramatic increase in the rate of crystallization. In contrast, Gro^ and Jaenicke 
(1991) found that lysozyme solutions subjected to high hydrostatic pressures (up to 200 
MPa) for extended periods crystalUzed more slowly than those same solutions maintained 
at atmospheric pressure. They concluded that the equilibrium solubility of lysozyme is 
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higher at high pressures and felt that nucleation, rather than growth, was chiefly affected. 
In another study, Suzuki et al. (1994) crystallized lysozyme from solutions under high 
pressure (510 MPa). Based on the in situ qualitative observations using an optical 
microscope, they also suggested an increase in lysozyme solubility under pressure as a 
possible reason for decreased nucleation and growth rates. Schall et al. (1994), however, 
found that the solubility of lysozyme under pressure is unchanged and the growth rate of 
seeded lysozyme crystals is reduced at 100 MPa. Their use of seeding and lower initial 
protein concentrations allowed them to examine crystal growth in the absence of 
nucleation effects. More recently Grop and Jaenicke (1993) conducted batch, self-
nucleating experiments and concluded that both nucleation and growth were impeded at 
high hydrostatic pressures. 
Visuri et al. (1990) report that the samples subjected to high pressures typically 
had a large number of small protein crystals that result from increased nucleation rates 
under high pressure. GroP and Jaenicke (1993) attempted to explain their observations of 
reduced crystallization rates under pressure using dilatometry. The measured volume 
changes taking place in the crystallization process at atmospheric pressure were measured. 
An increase in volume of 29 to 48 mL/mol, a linear fimction of the initial protein 
concentration in the early stages of crystallization suggested that pressure effects would be 
more pronoimced during the initial stages (i.e. nucleation). However, this hypothesis was 
foimd to be incorrect because a continuous decrease in the crystallization rate over the 
entire batch time, rather than just in the initial phase, was observed. Schall et al. (1994) 
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concluded that the growth rate constant is approximately an order of magnitude smaller for 
pressurized solutions as compared to those at atmospheric pressxire, which corresponds to 
a volume increase of 60 mL/mol for the crystal growth process. 
To better explain the kinetics of lysozyme crystallization under pressure GroP and 
Jaenicke (1993) used Oosawa's theory of protein self-assembly. They proposed a scheme 
of reactions that might be occurring in the nucleation and crystal growth processes. They 
suggest that monomeric lysozyme goes through an active state before it is incorporated 
into the growing nucleus or crystal. This idea of the formation of an intermediate is in 
agreement with the concept of precrystalline aggregates that are formed in lysozyme 
crystallization (Georgalis et al., 1993). They report that supersaturated solutions are 
known to form aggregates called craggs and praggs, which will result in crystals or 
amorphous precipitates, respectively. The craggs can be considered as the intermediates in 
the nucleation process. GrojJ and Jaenicke suggest that the intermediate is an active 
monomer as opposed to an aggregate. The reaction scheme is as follows: 
^ (L*)io 
monomer active monomer nucleus 
T 
(L*)oo crystal 
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The authors propose that the concentration of the active monomer is different than the 
monomer concentration (which is the initial lysozyme concentration). Though the 
concentration of the initial lysozyme solutions used for the crystallization were in the range 
of 17 to 32 mg/mL, the authors propose that the concentration of the active monomer is 32 
mg/mL at 0.1 MPa and 19.4 mg/mL at 100 MPa. The lower apparent concentration of the 
crystallization active monomer results in lower crystallization rates at high pressure. 
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CHAPTERS. MODELING 
A major drawback of all the modeling efforts undertaken in the past, as reported in 
the previous chapter, is their inability to provide any information on the nucleation kinetics. 
To overcome this difficulty, a population balance model (Randolph and Larson, 1988) that 
has been widely used in small inorganic molecule crystallization was adopted. A population 
balance on some fixed control volume in a crystallizer can be stated as 
Input - Output + Net generation = Accumulation (1) 
Considering a general case of a well mixed crystallizer with no seeding, the macroscopic 
population balance equation can be written as 
where n=n (t .  I ) ,  the population density (defined as the number of crystals per unit size per 
unit volume); G is the facial growth rate of the crystals; B and D are the birth and death 
fimctions respectively; V is the volume of the crystallizer, k is the number of input and output 
streams with volumetric flow rates Q^, I is the characteristic length of the crystal and t is 
time. 
The above population balance model for batch crystallization with no seeding, no 
inflow and outflow of crystals and constant volume with no birth and death can be simplified 
significantly. The population balance equation thus obtained relates the crystal size 
distribution (CSD) to the nucleation and growth kinetics. The population density fimction 
n(t, I) is related to growth rate, G, by 
(2) 
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£^+^=0 (3) 
dt dl 
The boundary condition with respect to size relates the time-dependent nucleation rate, 5® to 
the population density of the nuclei, /i" by 
5° =n°G (4) 
The initial condition is obtained by assimiing an initial distribution, i.e. 
/i(r = 0)=/z(0,/) (5) 
The solution to equation 3 reqiures kinetic expressions for both nucleation and growth rate. 
The growth rate is constrained by the mass balance 
(6) 
z' a > o c 
= 0 + 
V 5 f j I s ?  J  
where c is concentration of the solute and IV is the mass of the crystals per unit volume in the 
suspension. The solution to equation 3 does not give the concentration profile and the number 
profile directly. This information can be obtained firom the moments of the population 
density function, n(t, I). Themoment of the population density function can be defined as 
mj=^\l'n(t.i)dl (7) 
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The zeroth, first, second and third moments of the population density flmction are N, total 
number; L, total length; A, total area; and W, total crystal mass, respectively. All evolve with 
time according to the following four balances: 
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dt 
dA 
dt 
dW 
= NG 
= 2kLG 
(9) 
(10) 
dt 
= 3p 
•KJ 
AG (11) 
where and are area and volume shape factors, respectively and p is the crystal density. 
The initial condition to solve this set of simultaneous ordinary differential equations is given 
by defining each of the moments at zero time. 
At time t = 0, L = A = N = 0 
and c = Cg, the initial solute concentration. (12) 
Both nucleation and growth rates are flmctions of supersaturation and can be represented as 
having power-law dependence on supersaturation: 
(13) 
G=k^ 'c -sX'  (14) 
V s 
where c is the concentration of the solute in solution; s is the equiUbrium solubility; and kg 
are nucleation and growth rate constants, respectively; and a and b are constant exponents. 
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CHAPTER 4. CRYSTALLIZATION OF LYSOZYME AT fflGH 
PRESSURES 
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Dq)artment of Qiemical Engineermg, Iowa State University, Ames, lA 50011 
Abstract 
Crystallization of lysozyme, initially at a concentration of 40 mg/mL, a pH of 4.5 and 
0.8M NaCl was carried out at pressures of 0.1,50,100, and 150 MPa (1-1500 bar). 
Pressurization increased the rate of nucleation but reduced the rate of the subsequent crystal 
growth. An overall enhancement of the rate of crystallization could be obtained by a period 
of pressurization followed by growth at atmospheric pressure. Initial durations at elevated 
pressure of either 10 min or 2 h, followed by growth at atmospheric pressure for a total 
period (including the time of pressurization) of 12,24, 30 and 36 h resulted in overall 
crystallization rates that were 2-3 times higher than obtained without pressurization. 
Enhancements were not evident when the same procedure was used with initial lysozyme 
concentrations of 19 and 28 mg/mL. No loss of enzymatic activity was observed in these 
treatments. 
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1. Introdaction 
Many complex molecules produced in the biotechnology and pharmaceutical 
industries are supplied in solid, often crystalline, form. A large number of techniques have 
been developed for protein crystallization and growth (1). However, most of these 
concentrate on obtaining protein crystals of sufficient size for x-ray crystallography. We have 
applied high pressure with the objective of increasing the rate of crystallization with crystal 
size as a secondary consideration. 
Protein crystallization at high pressure was first reported for glucose isomerase (2). 
Glucose isomerase crystallized an order of magnitude faster at 200 MPa than it did at 
atmospheric pressure (0.1 MPa), i.e. crystallization was complete in 15 minutes at high 
pressures as opposed to hours to days at atmospheric pressure. The rate of crystallization 
increased with increasing pressures and at 200 MPa was approximately 17 times higher than 
at 0.1 MPa. The authors, however, presented no conclusion as to whether changes in 
nucleation, crystal growth or both were responsible for the dramatic increase in the rate of 
crystallization. In contrast, GroP and Jaenicke (3) found that lysozyme solutions subjected to 
high hydrostatic pressures (up to 200 MPa) for extended periods crystallized more slowly 
than those same solutions maintained at atmospheric pressure. They concluded that the 
equilibrium solubility of lysozyme is higher at high presstires and felt that nucleation, rather 
than growth, was chiefly affected. Schall et al. (4), however, found that the solubility of 
lysozyme under pressure is unchanged and the growth rate of seeded lysozyme crystals is 
reduced at 100 MPa. Their use of seeding and lower initial protein concentrations allowed 
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them to examine crystal growth in the absence of nucleation effects. More recently GroP and 
Jaenicke (5), now using batch crystallization, concluded that both nucleation and growth 
were impeded. 
A likely reason for pressure to influence crystallization is that pressure would result in 
a direct compressive change in the conformation of either the crystalline or solute forms of 
the protein and that this would be paired with changes in the level of hydration of the solute 
brought about by the compression of solvent. The two compressible portions in a protein 
molecule are the void volmne and the volume associated with hydration (6). Application of 
pressure results in compression of the void volume that is offset by an expansion due to a 
increase in the amount of hydration. The net effect is a relatively small compressibihty for 
the protein. Nor can the effects be expected to be the same for all proteins. Adiabatic 
compressibilities of 14 globular proteins were found to be related to molecular parameters 
such as partial specific volume, hydrophobicity and polarity of the protein (6). 
The effect of pressure on the rate of a reaction is given by 
dink  -AV* 
dp RT 
where k is the reaction rate constant; p, the pressure; R, the gas constant; T, the temperature; 
and AV*, the activation volume. For crystallization, the "reactions" that could determine the 
overall rate of crystallization could include the steps leading to nucleation or growth, such as 
incorporation of solute into the lattice or even formation of a cluster which is to be 
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incorporated into the lattice. If a reaction is associated with a negative activation volume, the 
rate constant increases with pressure at a constant temperature; a positive activation volume 
would have an opposite effect. If more than one species is involved in forming the activated 
intermediate, such as some of the solvent in this case, then the combined volume change of 
all species in forming the activated state would be the determining factor. 
An indirect effect on rate would be obtained if solubility were changed, hence 
changing the concentration driving force for crystallization. For this effect, a similar relation 
would hold with k replaced by the equilibrium constant for the phase change and AF* 
replaced with the combined volume change of participating solvent and protein for the phase 
change. Again a negative volume change would favor crystal formation. Schall et al. (4) 
concluded that the growth rate constant is approximately an order of magnitude lower for 
pressurized solutions as compared to those at atmospheric pressure. Assuming the above 
relationship to be applicable, they obtain a AF* of +60 mL/mol for the crystal growth 
process. Grop and Jaenicke (5) measured a volume increase during the period preceding 
appearance of separable crystals that was comparable to the value of 12.5 mL/mol they 
calculated from the increase in solubility under pressure. 
Instability of proteins at such high pressures is a potential limitation. Pressure effects 
on protein conformation and enzyme kinetics have been studied extensively. Jaenicke (7) has 
reviev/ed the various effects of pressure on proteins including conformational changes and 
deactivation at high pressures. 
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Lysozyme has frequently been the object of these studies. Chryssomallis et al. (8) 
subjected lysozyme solutions (5.0 mg/mL, pH 8.0) to pressures up to 1000 MPa. 
Fluorescence polarization measurements showed a decrease in ^parent volume but no 
conformational changes up to 500 MPa. Above 500 MPa, a large increase in volume and 
reversible conformational changes were observed. The overall increase in volume was 60% 
of the original protein volume. In contrast, they found the changes undergone by 
chymotrypsinogen to be time-dependent and only partially reversible. Heremans and Wong 
(9), using Raman spectroscopy, found that lysozyme solutions (100 mg/mL, pH 7.4) undergo 
minor conformational changes up to 360 MPa and irreversible denaturation at 550 MPa. They 
concluded that the higher concentrations they used resulted in inteimolecular interactions 
which led to denaturation/precipitation. 
Kundrot and Richards (10) focused on the effect of pressure on the crystal structure of 
lysozyme crystallized at atmospheric pressure. X-ray crystallography showed some parts of 
the molecule to be more compressible than others. In all cases, atomic displacements were 
small (root mean square pressiure induced shift of atoms was no greater than 0.2 A), 
indicating that a shape change is likely, albeit small. Yamato et al. (11) also have reported 
domain-dependent variation in compressibility of deoxymyoglobin. Hydrophobic clusters 
tended to be more compressible. 
Lysozyme was chosen as the protein for these studies for its stabiUty under pressure, 
the unresolved discrepancies regarding its crystallization under pressure, and the well-
developed procedures for its crystallization. 
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2. Materials and Methods 
Hen egg white lysozyme purchased from Sigma Chemical Co. (Grade I, 95% protein) 
was used directly without further purification. From densitometry of an SDS-PAGE gel, we 
estimated the protein in this material to be 85% lysozyme. Lysozyme was dissolved in 50 
mM sodium acetate buffer, pH 4.5, to make up a 50 mg/mL protein stock solution. Sodium 
chloride stock solution (5.2 M) was in the same 50 mM acetate buffer. Both stock solutions 
were filtered using a 0.45 |am membrane filter. 
The stock solutions were added to the crystallization cell to make a solution of 40 
mg/mL of lysozyme and 0.8M sodium chloride with a total volume of 1 mL. The cell used 
was the tube end of a disposable polyethylene transfer pipette which had been heat sealed at 
one end. After filling, the other end was heat sealed. The cells were placed in a cylindrical, 
stainless steel, pressure bomb which was pressurized hydrostatically with deionized water as 
the medium. After gradual pressure release (ca. 10-15 s), the cells were removed and the 
contents were either analyzed immediately or allowed to further crystallize at atmospheric 
pressure until 36 hours from the initial sample preparation. All steps were done at room 
temperature (24°C) and the thermal capacity of the apparatus was such that the temperature 
rise from pressurization was negligible. 
Crystals were separated from mother liquor by centrifugation and redissolved in the 
acetate buffer. Supernatant and the redissolved crystals were analyzed for protein 
concentration and activity. Protein concentrations were determined by using absorbance at 
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280 nin (extinction coefficient of 26.4 for 1% solutions (12)) and the enzymatic activity was 
obtained by measuring the clearing of a Micrococcus lysodeikticus stispension (13). 
3. Results and Discussion 
To study the effect of pressure and time of pressurization, a completely randomized 
2x4 factorial design with pressure and time as the two factors was performed. Pressure levels 
were 0.1, 50,100 and 150 MPa and the four levels of time were 2,4,6 and 8 h under 
pressure. Figure 1 shows the effect of the time of pressiuization on the recovery of crystalline 
protein (i.e. the percent of protein supersaturation in the crystalline phase after 36 total hours) 
at the four different pressures. It is seen that the protein recovery of all the samples subjected 
to pressure was significantly higher than the one at atmospheric pressure. Figure 2 shows the 
same behavior when the results are based on enzymatic activity. Total activity (crystals plus 
mother liquor) was unaffected by pressurization. Analysis of variance (ANOVA) (14) 
showed pressurization to be significant at the 99% confidence level. The Bonferroni 
multicomparison t-test (14) of the pressure effects showed only the 0.1 MPa pressiire result to 
be different, i.e. the effects of the three pressures 50, 100 and 150 MPa were not significantly 
different from each other. Figures 1 and 2 do not show any definite trends with respect to 
time of pressurization and this conclusion is supported by the ANOVA of the high pressure 
runs, which showed time of pressure and pressure/time interactions to be significant only at 
the 78% level. Since there was no significant difference between the high pressure runs, all 
the high pressure recoveries were pooled and the standard error of mean is shown as the error 
bar in Figures 1 and 2. For the atmospheric runs, the error bar represents the standard error 
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T 
Time (h) 
0.1 MPa 
100 MPa 
50 MPa 
150 MPa 
Figiire 1. Effect of level and time of pressurization on the percent of initial lysozyme 
supersatiiration(as determined by protein assay) recovered as crystals. Points plotted are 
averages of replicate crystallizations. Total time for crystallization was 36 h in all cases, with 
the time after pressnrization being at atmospheric pressure. Initial protein concentration and 
supersatiiration were 44 and 37 mg/mL, respectively. Error bars for the high pressure results 
are the pooled standard error of the mean; that for 0.1 MPa is the pooled estimate for all 
experiments at these conditions. 
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Figure 2. Effect of level and time of pressurization on the percent of initial lysozyme 
supersatiiration(as determined by total activity assay) recovered as crystals. Points plotted are 
averages of replicate crystallizations. Treatments were those of Figure 1. Error bars for the 
high pressure results are the pooled standard error of the mean; that for 0.1 MPa is the pooled 
estimate for all experiments at these conditions. 
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based on replicates of protein recoveries at 0.1 MPa fixjtn a number of experiments, including 
Figure 3 and Tables 1 and 2. 
Having seen that pressure had a significant effect on the rate of crystallization, 
experiments were then directed to see whether pressure was affecting nucleation and/or 
growth. Samples were subjected to pressure (50,100 and 150 MPa) for 36 h and the recovery 
was compared with those subjected to high pressure for 2 h. Samples subjected to high 
pressures for the full 36 h gave low recoveries compared to those subjected to pressure (50, 
100 and 150 MPa) for 2 h and then left at atmospheric pressure (Table 1). 
Table 1. Effect of time and level of pressurization on the percent of initial lysozyme 
supersaturation recovered as crystals. Initial lysozyme concentration and supersaturation 
were 44 and 37 mg/mL, respectively. Values are averages of replicated experiments. 
Pressure Time of Time at Protein Recovery 
(MPa) Pressurization atmospheric (%) 
(h) pressure (h) (s.d.) 
50 36 0 13.1 (±5.2) 
100 36 0 8.3 (±2.6) 
150 36 0 5.9 (±4.5) 
50 2 34 58.3 (±11.4) 
100 2 34 54.7 (±0.1) 
150 2 34 58.3 (±0.2) 
0.1 0 36 29.7 (±3.0) 
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Those never pressurized fell between the two pressure treatments. Thus, it can be concluded 
that extended periods of pressure impeded lysozyme crystallization. However, subjecting to 
high pressures for short periods of time and leaving at atmospheric pressure for a fixed time 
gave protein recoveries twice as high as those left at atmospheric presstire. This indicates that 
high pressure did promote nucleation either during the time at pressure or after pressure 
release. These opposing effects on the overall rate would also explain why crystallization was 
retarded at high pressure in the work of Schall et al. (4), as they crystallized from seeds in a 
region of supersaturation where nucleation was not occurring. 
Since there was no significant difference between pressurizing for 2 or 8 h, time under 
pressure was further reduced. Solutions were subjected to 100 MPa for 10 min. and the 
protein recoyery after 36 h was compared to that obtained with a 2-h pressurization and to 
that of the atmospheric control. The protein recovery of solutions pressurized for 10 min. was 
not significantly different from that of solutions subjected to 2 h of pressure, but both were 
significantly (at 99% confidence level, obtained from paired comparison of means) higher 
than those obtained from samples not subjected to pressure. The recoveries in both cases 
where pressure was applied were 1.5 to 2 times higher than those at atmospheric pressure 
(Figure 3). While there is a suggestion in Fig. 3 of a bimodal distribution of recoveries, a 
normal probability plot of the residuals showed that this was not the case. An additional 
benefit of pressurization was the clearly evident decrease in variability of the extent of 
crystallization realized at 36 h. The standard deviation of the atmospheric runs was higher 
than that of either the 10 min. or the 2 h pressurization (F-test: 99% and 82% level of 
significance, respectively). This can be attributed to the enhanced nucleation. 
41 
£ 
Ut 
<U 
> 
o 
o (U 
G 
'S 
o 
Oh 
0 10 min 
Time 
2 h 
Figure 3. Effect of length of pressurization on percent of initial lysozyme supersaturation 
recovered as crystals and the variability between samples. The three pressure treatments are 
(0.1 MPa, 36 h; •), (100 MPa, 10 min.; 0.1 MPa, 35.8 h; A), and (100 MPa, 2 h; 0.1 MPa, 34 
h; O). Means are the \Jo, error bars are the 95% confidence intervals on the mean. Initial 
protein concentration and supersaturation were 38 and 31 mg/mL, respectively. 
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The rates of crystallization nnder these three conditions (no pressure, 10 min. and 2 h 
under pressure) were then obtained by finding the protein recovered as crystals (average of 3 
replicates) after 12,24,30 and 36 h. Table 2 shows that the solutions subjected to pressure 
for short times had a higher initial rate of crystallization as the recoveries were 40-50 times 
higher at the end of 12 h than for those samples not subjected to pressure. 
Table 2. Time dependence of percentage supersaturation crystallized after various initial 
pressure treatments. Each value is an average of three replicates. 
Initial Treatment^ 
Time 0.1 MPa 100 MPa, 100 MPa, 
(h) 10 min. 2 h 
12 0.64±0.lb 41.8 ± 5.1 (99%c) 21.8 ± 8.8 (99%) 
24 7.2 ±2.0 53.5 ±4.3 (99%) 29.0 ± 12.6 (95%) 
30 33.8 ±3.0 53.5 ± 0.6 (99%) 50.2 ±13.5 (90%) 
36 29.8± 11.3 48.1 ± 11.3 (90%) 51.1 ± 5.7 (95%) 
^ Initial treatment for the time at the level shown, followed by atmospheric pressure for the 
remainder of the 36 h. Initial protein concentration was 38 mg/mL. 
^ Standard error (each determination replicated three times). 
^ The level of significance at which the protein recovery for pressurized samples is higher 
than the corresponding samples crystallized at 0.1 MPa. 
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However, the difference in the recoveries lessens as they are all allowed to crystallize under 
atmospheric pressure. At 36 h the slight reduction in the average recovery as compared to 
that at 30 h is likely just the variability between samples. The increased rate should not be 
interpreted as faster growth of individual crystals. Rather it is the result of the larger number 
of crystals formed after pressurization. 
Microscopic observations of the crystals confirmed that pressure aided nucleation and 
impeded crystal growth. Crystals obtained after pressurization and subsequent growth at 
atmospheric pressure were larger in number and smaller in size (ca. 0.2 mm, Figiure 4a) than 
those from the atmospheric controls (ca. 0.5 mm. Figure 4b). Recall that the faster rate in 
terms of yield is not the result of faster growth of each crystal but rather results firom the 
larger number of crystals. Crystal shapes for both were the duodecahedrons typical of 
lysozyme. Immediately after extended pressurization the solid phase was too fine for 
observation, but after an additional 36 h at normal pressure they were ca. 0.2 mm, a size 
comparable to those subjected to 2 h of pressure and 34 h at atmospheric. This raises the 
possibility that the aggregates formed before pressure release are not true nuclei. 
Crystallography has not been done. 
The above experiments were all at protein concentrations of ca. 40 mg/mL. Previous 
researchers (3, 5), who observed a reduction in the crystallization and/or nucleation rates 
under pressure, used lysozyme concentrations in the range of 18 to 28 mg/mL. Hence, 
crystallizations were done with initial concentrations of 18.8,28.1 and 37.5 mg/mL. 
Pressurization conditions were as in Figiu-e 3 and Table 2, namely 0.1 MPa throughout, 100 
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(a) 
(b) 
Figure 4. (a) Lysozyme crystals after crystallizing at atmospheric pressure for 36 h 
(b) Lysozyme crystals, pressurized for 2 h and allowed to crystallize 
for 34 h at atmospheric pressure (marker = 0.1 mm) 
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MPa for 10 min. and 100 MPa for 2 h (each of the latter followed by atmospheric pressure 
for the remainder of 36 h). Figure 5 shows that the pressure effects on the protein recovery in 
crystals are not discernible at the lower initial concentrations. It is only at the initial 
concentration of 37.5 mg/mL that pressure effects become clearly evident. 
The final consideration is whether there is a change in equiUbrium solubility with 
pressure. An increase was seen by GroP and Jaenicke (3), who looked at residual solution 
concentrations after 21-31 days of crystallization via diffusion of salt. Such an increase was 
not observed by Schall et al. (4), who observed no dissolution of crystals in mother liquor 
when pressure was raised. We found the residual concentration of the mother liquor after 25 
days of crystallization at atmospheric pressure to be 8.4 (± 0.11) mg/mL, similar to the 
equilibrium solubility of ca. 7.0 mg/mL reported by Howard et a/.(15). The residual 
concentration of samples pressurized (100 MPa) for 25 days was 14.6 (±0.32) mg/mL, which 
would suggest an increase in solubility at 100 MPa; however, crystallization was not 
complete as samples held for 35 days had a residual concentration of 12.7 (± 0.47) mg/mL, 
while those pressxirized for 25 days, then left 10 days at atmospheric pressure had a residual 
concentration of 11.6 (± 0.75) mg/mL. We would be hesitant to claim that equilibriimi was 
reached even at 35 days for pressurized samples as the slow rates of growth seem to require 
still longer incubations. The dissolution procedure of Schall et. al. (4) may be more reliable 
for this reason and the GroB and Jaenicke incubations via an inherently slower procedure may 
not have been sufBciently long. We did not perform sufficient replications to do a valid 
determination of whether our observations supported either previous study. Relative to the 
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Figure 5. Effect of initial protein concentration on percent lysozyme supersatnration 
recovered as crystals. Each point is an average of 3 replicates. Error bars represent the 
standard deviation of these observations. 
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total supersaturation in our experiments (37 - 44 mg/mL) even taking the solubility at 35 days 
to be the equilibrium value would not seem to provide a big enough difference to account for 
the increased level of nucleation observed. For our calculations of supersaturation (upon 
which recoveries were based), an equilibriiun solubility of 7.0 mg/mL was used for all 
pressures. 
A variation of the intemediate, crystallization-active form of monomeric lysozyme 
preceding nucleation proposed GroP and Jaenicke (5) could explain our observation of 
enhanced nucleation rate during or after pressurization and hindered growth rate under 
pressure. The conformational/solvational changes brought about by pressure could lead to 
rap id  fo rmat ion  o f  aggrega tes  (wi th  a  nega t ive  AF)  tha t  conver t  t o  nuc le i  (wi th  a  pos i t ive  AF)  
much faster at normal than at high pressure. This would explain the relative insensitivity to 
time of pressurization but the enhancement of nucleation by pressurization. For the same 
reasons that the prenuclear aggregates are slow in forming true nuclei at high pressure, they 
would also serve poorly as growth units; hence, growth would also be slow in seeded 
crystallizations at pressure. Additional evidence in support of this mechanism is that 
dimerization of lysozyme is known to be associated with a reduction in volume (AF= -0.03 
mL/g) (16). 
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Abstract 
Protein crystallization has found little use as a separation/purification technique in a 
bioprocess industry despite the high purity levels and good separation factors obtained by 
crystallization. One of the major drawbacks has been the lack of thermodynamic and kinetic 
data required for efficient crystallization. Here, the population balance model has been used 
as a relatively easy but efficient way to obtain the kinetic constants for nucleation and crystal 
growth. Both nucleation and crystal growth rate constants were obtained as functions of 
supersaturation by a combination of experimental observations and mathematical modeling at 
atmospheric pressure (0.1 MPa) and at three high pressures (34 MPa, 68 MPa and 100 MPa). 
Nucleation and growth rate constants were an order of magnitude lower at the higher 
pressures. It is hypothesized that the protein molecules are in a state of aggregation under 
pressure, which is not favorable for both nucleation and crystal growth. Transition state 
theory was used to evaluate the effects of pressure on nucleation and growth rates. The 
activation volumes (AF*) for nucleation and crystal growth were estimated to be +90 cm^/mol 
and +40 cm^/mol, respectively, though the behavior did not conform well to this model. 
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1. Introduction 
Crystallization, one of the oldest known unit operations, has been widely used in 
numerous chemical industries. Because of the high purity levels that can be obtained, 
crystallization has been employed as a final piuification/refining process especially in the 
pharmaceutical industry. Crystallization has also found use as an intermediate 
purification/recovery process where it can provide good separation factors at a relatively low 
cost. In spite of the advantages of crystallization as a unit operation, protein crystallization, 
unlike small inorganic molecule crystallization, has found limited use in the industry. The 
complex nature of protein molecules has made their crystallization difficult and challenging 
process. Although, there have been cases where crystallization has been used as a preparative 
technique for obtaining pure proteins (e.g. pepsin[l] and lysozyme[2]), most of the work in 
this area has been aimed at obtaining single large crystals for crystallographic studies to 
determine their molecular structure. Glucose isomerase [3], subtilisin [4] and cellulase 
(Genencor), insulin (Eli Lilly), amylase (Miles) and lipase (Novo) [5] are being crystallized 
commercially. 
The thermodynamic and kinetic data used for the design of crystallizers is seldom 
available for proteins. In this paper, we study the kinetics of batch crystallization using a 
combination of experimental observations and mathematical modeling. This is done for the 
unseeded, batch crystallization of lysozyme under normal and hyperbaric conditions to obtain 
kinetic parameters for nucleation and crystal growth. Pressure effects are analyzed in terms of 
activation volumes to gain insight into the mechanism of protein crystallization. 
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Kinetig modding; 
Batch crystallization is a dynamic process in which the concentration of the solute, 
the total number of crystals in solution, and crystal size change with time. The concentration 
profile of the solute (i.e. change in concentration with time) reflects the yield of crystalline 
material. The size and number of crystals, i.e. the particle (or crystal) size distribution cannot 
be obtained uniquely fi'om the concentration profile. The growth rate kinetics can be 
determined by measuring the growth rate of individual protein crystals. Accurate 
measurement of nucleation rate is often very difficult, if not impossible to obtain. Here, a 
combination of experimentally measured parameters together with mathematical modeling 
was used as a means of obtaining nucleation and growth rate constants at ambient and high 
pressures. 
Kinetic studies in protein crystallization can be broadly classified into three 
categories: 
(1) Growth kinetics based on individual crystal size measurements 
The first category includes studies in which growth rates of individual crystal faces 
single growing crystals are measured microscopically. Most of the kinetic studies in protein 
crystallization fall into this category (insulin [6]; lysozyme [7-13] and canavalin [14]). The 
growth rate and soluble protein measurements at different instances of time are used to obtain 
the functional dependence of growth rate on supersaturation. A second order dependence has 
been observed for insulin [6] and for lysozyme [8-10]. 
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(2) Growth kinetics based on crystal size distribution (CSD) 
The second category of kinetic studies deals with the growth rate studies in bulk 
crystallization such as that of ovalbumin [15]. Seeded solutions of ovalbumin were used and 
from the measurements of CSD at different time intervals, growth rate was evaluated and 
related to the supersaturation. Though the above two categories are aimed at determining the 
growth kinetics, the approach used to obtain the growth rate models is very different. 
(3) Crystallization kinetics based on measurements of solute concentration with time 
The third category of kinetic studies deals with batch crystallization kinetics using a 
differential equation model [16,17]. A two parameter model was developed which combines 
the nucleation and growth rates in lysozyme crystallization to give a single rate equation 
based on the concentration profile. The equation thus obtained is, however, unable to separate 
nucleation and growth kinetics. 
A drawback of the above models is their inability to provide any information on the 
nucleation kinetics. To overcome this difficulty, a population balance model [18] which has 
been widely used in small inorganic molecule crystallization, was adopted. The population 
balance model for batch crystallization relates the CSD to the nucleation and growth kinetics. 
The population density flmction, n(t. I), is related to growth rate, G, by 
^+^=0 (I) 
at 51 ^ 
where n is the population density (defined as the number of crystals per unit size per unit 
volume) and / is the characteristic dimension of a crystal. 
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The boundary condition with respect to size relates the time dependent nucleation 
rate, 5", to the population density of the nuclei, n°, by 
B° =n°G (2) 
where = n(t, 0) 
The initial condition is obtained by assuming an initial distribution i.e. 
«(r = 0)=/i(0./) (3) 
The solution to equation 1 requires kinetic expressions for both nucleation and growth rate. 
Also, the solution to equation 1 does not give the concentration profile and the number 
profile directly. This information can be obtained from the moments of the population 
density function, n(t, I). The j moment of the population density function can be defined as 
«o 
nij = n{t,i)dl (4) 
0 
The zeroth, first, second and third moments of the population density function are N, total 
number; Z, total length; A, total area; and W, total crystal mass, respectively. All evolve with 
time according to the following four balances: 
^ = 5' (5) 
at 
— =NG (6) 
dt 
^  = 2k^LG (7 )  
at 
dW ^ 
dt K) AG (8) 
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where k„ and k^, are area and volume shape factors, respectively; p is the crystal density. 
The initial condition to solve this set of simultaneous ordinary differential equations is given 
hy L=A=N=0d!it = 0 (9) 
The soluble concentration is obtained from W, the mass of the crystals per unit volume of the 
suspension by the mass balance 
5c 1 
Ti]^ ^ =0 (10) d t) 
where c = Cq at r = 0. Both nucleation and growth rates are fimctions of supersatiuBtion and 
can be represented as having power-law dependence on supersaturation: 
s y 
(11) 
G=k^ 
f 
[—1 (12) 
\ s J 
where c is the concentration of the solute in solution and 5 is the equilibrium solubility. k„ and 
are nucleation and growth rate constants respectively; a and b are constants. 
Pressure effects on proteins 
High pressure can affect the three-dimensional structure of the protein, the hydrated 
ion layer and the bulk water. Changes in protein configuration that change surface residue 
exposxire will change the extent and orientation of the hydration layer and ultimately the 
inter-molecular interactions involved in the crystallization. 
A variety of studies have examined the effects of pressure on the structure and 
enzymatic action of proteins. Such studies include the measurement of compressibility of 
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proteins in solution [19,20], dissociation of subunits [21], denaturation [22,23] and enzyme 
kinetics [22,24], many of these have been reviewed [22,25,26]. Pressure effects on lysozyme, 
the protein used in this work, have been studied using fluorescence polarization [27], Raman 
spectroscopy [28] and NMR spectroscopy [29]. Significant conformational changes were 
observed for pressures greater than 500 MPa. These changes were found to be reversible at 
low (~ 10 mg/mL) but not high (100 mg/mL) protein concentrations. The effect of pressure 
on lysozyme [30,31] and deoxymyoglobin [32] crystals indicated regions of differing 
compressibility. Compression was attributed mainly to void spaces in the hydrophobic core 
[28]. 
Studies on the effect of pressure on protein crystallization have been limited. Glucose 
isomerase was the first protein to be crystallized under pressure [33]. It was found that the 
rate of crystallization was approximately 17 times higher at 200 MPa than at 0.1 MPa. 
Crystallization was complete in a few minutes at higher pressures as opposed to a few days at 
atmospheric pressure. No conclusions were presented as to whether pressure affected 
nucleation and/or growth. On the contrary, for lysozyme, both nucleation [34,35,36] and 
crystal growth rates [34-37] are slowed by extended periods under pressure. GroP and 
Jaenicke [34,35] hypothesized that the equiUbrium solubility was higher under pressure 
which results in reduced driving force for crystallization, resulting in lower nucleation and 
growth rates. In another study, Suzuki et al. [36] crystallized lysozyme from solutions under 
high pressure (510 MPa). Based on the in situ qualitative observations using an optical 
microscope, it was proposed that an increase in lysozyme solubility under pressure was a 
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possible reason for decreased nucleation and growth rates. Schall et al. [37] examined the 
effect of pressure on the growth rate of lysozyme crystals in seeded batches at lower protein 
concentrations where nucleation was absent. They found that the growth rate constant was an 
order of magnitude lower under pressure. Our results reported earlier [38], are in agreement 
with the fact that lysozyme crystallization is considerably slower under pressure; however, 
protein solutions subjected to short periods of high pressure followed by growth at 
atmospheric pressure (total crystallization time of 36 h) gave crystal yields twice as high as 
those crystallizing at atmospheric pressure. 
According to Le' Chatelier's principle, any reaction resulting in a decrease in voliraie 
is favored at higher pressures, an effect given by the following relationship [39] 
' ^d ln (k )^  
dp . 
bV' (13) 
RT 
where k is the rate constant and AF is the volume change for formation of the intermediate 
activated complex. This result, based on the activation state theory, although developed for 
simple gas phase reactions, has been successfully used to describe the effect of pressure on 
enzyme kinetics [22]. Crystallization from solution can be considered as a process that 
involves a series of reactions that lead to the formation of new crystals and their growth. The 
two main kinetic processes involved are nucleation and crystal growth, with rate equations 11 
and 12, respectively. Determination of the rate constants at different pressures would enable 
evaluation of AF for each of these two processes. 
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2. Materials and Methods 
Experimental protocol 
Commercially available chicken egg white lysozyme has been proved to contain 
impurities such as small molecules (mostly buffer salts), macromolecular impurities (egg 
white proteins) and heterogeneous forms of lysozyme [40]. These impurities have a 
significant effect on the crystallization kinetics of the protein [41,42]. Cation exchange 
chromatography, a method that has been found to be very effective in the removal of macro-
molecular impurities present in lysozyme [12,40], was used to purify the commercially 
purchased lysozyme. The method followed was similar to that used by Ewing et al. [40] with 
the only major variations being that CM-Sephadex (Sigma, C-50-150) was used as the cation 
exchanger, and ultrafiltration replaced the concentration step. Lysozyme (Sigma Chemical 
Co., 95% pure, Grade 1) was dissolved in 0.1 M sodiimi phosphate buffer (pH 6.4) at room 
temperature, centrifuged and filtered (using a 0.45 mm membrane filter) and loaded onto the 
column, which was washed with the phosphate buffer and eluted with 2.87% sodium chloride 
in the phosphate buffer (pH 6.4). The eluted protein (peak fractions were pooled), which had 
a concentration of 5-10 mg/mL, was then dialyzed extensively against 50 mM sodium acetate 
buffer (pH 4.5), and concentrated to approximately 45 mg/mL using ultrafiltration (Filtron 
disc membrane, polyethersulfone, NMWL 3K). 
The crystallization procedure was the same as that used in the previous work [38]. 
Briefly, stock solutions of sodium chloride and lysozyme, both in sodium acetate buffer (pH 
4.5) were mixed to give a final concentration 37-39 mg/mL protein and 0.8M sodium 
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chloride. The tube end of a polyethylene transfer pipette, heat sealed at both ends, was used 
as the crystallization cell. Protein concentration (A2go, e igo =26.4 [43]) and activity [44] 
were assayed. 
Growth rates of individual crystals were determined from image analysis (Nikon 
image analyzer) of size (I), in microns, ({110} face) over time. The growth rate (dl/dt) and 
the concentration profile (c(t)) were used to obtain a flmctional dependence of the growth rate 
on the supersaturation. The total number of crystals at the end of the batch time was obtained 
using an optical microscope. The crystalUzing protein solution was carefully transferred from 
the cell into a petri dish and the total count obtained by counting the individual crystals under 
the microscope. The experimental size distribution was obtained by measuring the sizes of 
the crystals in the petri dish using image analysis. 
Numerical solution 
Equation 1 (and/or equations 5-8) was solved numerically. A best-fit solution was 
obtained by minimizing the sum of squares of the differences between the fitted and 
experimental concentration profile. An allowable range of values for the nucleation rate 
constant, growth rate constant and the constant 'a', the exponent in the nucleation rate 
expression, were given as the input. The constant '6', exponent in the growth rate 
expression, was obtained from the growth rate experiments of single crystals. Growth rate 
was assumed to be independent of the crystal size, i.e. all crystals grow at the same rate. 
Volume change of the solution is assumed to be negligible during crystallization, and since 
the crystals were almost equidimensional, the volume shape factor (k^) was taken to be unity 
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and the area shape factor {k^ was taken to be 6. Values used for crystal density and solubility 
were 1.45 g/mL [9] and 7 mg/mL [45], respectively, and were assumed not to change with 
presstire [31, 37,38]. 
3. Results and Discussion 
Figure 1 shows the growth of three single crystals growing in the same batch. The 
linear growth rates from the slopes of these curves were plotted against forms of 
supersaturation used in the literature. A better fit was obtained for {(c-s)/s}' (Figure 2) than 
any of c/s, (c-s)', ln(c/s), and (c-sj/s. The growth rate constant, which is the slope of the 
curve, was 1.11x10"^ cm/h. The second order dependence of the growth rate on 
supersaturation matches well with the literature [9]. The growth rate constant obtained in this 
work compared to the constant reported in the literature (for a similar supersaturation, i.e. 
{(c-s)/s}') was approximately twice as high (5.3x10*^ cm/h [9,10]). Using this growth 
exponent, the other three parameters {k„ , , and 'a') in the nucleation and growth rate 
expressions were obtained by a least squares fitting of the concentration profile. The 
concentration profiles obtained using purified (two separate preparations by ion-exchange 
chromatography) and as-supplied lysozyme (Figure 3) differ significantly. Also, the 
concentration profiles differed significantly among other as-received batches (not shown). 
This inconsistency, attributed to the presence of various impurities [11,40, 42] was 
eliminated by the additional purification step. Except as noted, the kinetic analyses in this 
paper were done using the purified lysozyme results. 
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Figiire 1: Growth of three individual crystals, (cq = 37 mg/mL, Cf = 29 mg/mL). Crystal sizes 
measured using an optical microscope are plotted against time. 
Figure 2: Growth rate, calculated from Figure 1, plotted as a function of supersaturation, s = 
equilibrium solubility = 7 mg/mL 
62 
30 -
25 -
o 
U  l O i  
5 --
• 
20 40 60 80 100 120 140 160 
Time (h) 
Figure 3: Fitted lysozyme concentration profiles using least square minimization, minimizing 
the squares of the distances between experimental points and simulated points. Fitted curves 
shown are for unpurified (0) and purified (•) lysozyme batches. The pooled standard 
deviations and the range for the as-received and the purified batches were 1.5 mg/mL (0.8-
2.9) and 0.7 mg/mL (0.1-1.5) respectively. Fitted curves for purified lysozyme are for values 
of'a' equal to 3,6 and 9 (lower one for a=3, the upper two, virtually indistinguishable, are for 
a=6,9). Concentration data for two early times (8 & 16 h, •) and firom a second purified 
batch (*) are also shown. 
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The fitted concentration profiles for three different values of a (3, 6 and 9) cannot be 
distinguished on the basis of concentration data. However, the offsetting effects of a, and 
that allow this are seen to be easily distinguishable on the basis of crystal numbers (Table 
D-
Table 1: Model parameters evaluated for different values of'a', the exponent in the 
nucleation rate expression by fitting the concentration profile using least square 
minimization. 
a kn(x m (X 10') N, # of crystals 
3 77.149 13.382 156 
4 24.746 10.028 224 
5 25.940 6.217 935 
6 17.590 4.296 2,649 
7 12.090 3.072 7,479 
8 7.910 2.088 21,308 
9 5.613 1.456 63,634 
The total number of crystals increases significantly for higher values of a. Figure 4 
shows the number profile obtained by plotting the total number of crystals as a function of 
time. The microscopically-determined numbers of crystals obtained in the experiments at the 
end of 168 hours ranged firom 150-155, which agrees with the model predictions for 'a' = 3. 
Thus, the concentration profile along with the total number of crystals enables selection of 
the appropriate nucleation and growth rate parameters. The growth-rate constant obtained 
fi-om the model (1.34 x 10"* cm/h) is in good agreement with the growth-rate constant 
obtained firom the single crystal growth experiments (I.ll x 10"* cm/h). The model 
calculations of L and A were not compared to any experimental observations and are not 
shown. However, Umited data were gathered on n(l) at 120 hours. For parameter sets fitting 
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Figure 4: Simulated number profiles for different values of'a', the exponent in the nucleation 
rate expression. Kinetic constants used in simulating these profiles were obtained from least 
square minimization of the concentration profile. 
65 
the same concentratioii profile, a prediction of greater total nnmber of crystals would also 
show smaller crystals. Figure 5 shows this for a = 3 and 9. 
Our experimental data for size distribution were from a microscopic counting and 
sizing of 20 random crystals from a batch crystallization of as-received lysozyme. Those 
results are plotted alongside a discrete rendering of the n(l) simulation using parameters 
obtained from the concentration and total numbers for that same batch (Figure 6). The 
agreement is reasonable given the small sample size. In the future we will try to adapt 
automated counting methods for the fragility of these crystals so that a more reUable sample 
size can be used. 
For the high pressure experiments, the simulated concentration profiles, with 
parameters fitted by least squares to c(t) and comparison to the observed N, are plotted in 
Figure 7 for pressures of 34 MPa, 68 MPa and 100 MPa. Despite the much lower rate of 
crystallization, the same model is able to describe the behavior. The kinetic parameters 
obtained are shown in Table 2. Both nucleation and growth rate constants are an order of 
magnitude lower at elevated pressures as compared to atmospheric pressure. The differences 
among the kinetic constants obtained at the three high pressures are much smaller. 
Table 2: Nucleation and Growth rate constants at atmospheric pressure and high pressure 
obtained from the model. 
Pressure Nucleation rate constant Growth rate constant 
(MPa) knOl"') kg(cni/h) 
0.1 7.71 X 10'^ 1.37 X 10"" 
34 3.71 X 10'^ 2.87 X 10" 
68 2.21 X 10"' 2.57 X 10"' 
100 1.91 X 10"" 2.67 X 10"' 
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Figure 5: Crystal size distribution at the end of 120 h for the values of'a' equal to 3 and 9. 
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Figure 6: Comparison of experimental and theoretical distributions, using as-received 
lysozyme. Experimental distribution was obtained by measuring the sizes of 20 crystals in 
the batch. 
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Figure 7; Fitted concentration profiles at high pressure. Experimental points are shown, o, 
340 atm, A, 680 atm and •, 1000 atm. The pooled standard deviations with the range for the 
pressure treatments were 1.0 mg/mL (0.1-1.5), 0.7 mg/mL (0.2-1.1) and 0.5 mg/mL (0.2-0.7) 
respectively. 
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A comparison between the experimentally obtained and simulated total number of 
crystals is shown in Table 3. The total number of crystals predicted by the model matches 
very well with the experimental coirnt of total nimiber of crystals. In all the cases, a = 3 
provided the best fit. Thus the concentration profile together with a count of the total number 
of crystals at the end of the batch time are sufficient to model the batch crystalhzation 
process and hence obtain the appropriate kinetic parameters. 
Table 3: Total number of crystals, N at atmospheric and high pressure: Comparison between 
model predictions and experiments at the end of 168 hours. 
Pressure Total number of Total nimiber of 
(MPa) crystals, N, firom crystals, N, 
experiments firom the model 
0.1 155 153 
34 48 42 
68 31 29 
100 25 27 
The nucleation and growth rate constants are plotted against pressure level to obtain 
AV' via equation 12 (Figure 8). The negative slope (or a positive AT*) indicates that both 
nucleation rate and growth rate are impeded by pressure. Neither plots gives a straight line 
over the entire range. With that caution we can calculate AV^ and AV^ firom the points at 0.1 
MPa and 100 MPa for comparison to literature results over the same range. Here AV^ is + 40 
cm^/mol, slightly lower than the Schall et al. [36] estimate of + 60 cm^/mol. We find AV'^ is 
+ 90 cm^/mol. 
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Figure 8: Nucleation and growth rate constants plotted as a function of pressure to evaluate 
the activation volume. 
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Two additional cautions must be made. First, although used successfully to describe 
the effect of pressure on enzyme kinetics, equation I2's applicability to crystallization is 
debatable. Nucleation and crystal growth are complex sets of reactions which also involve a 
phase change, so our analysis may be oversimplified. Second, the crystals obtained in all 
atmospheric pressure experiments had a regular tetragonal shape (Figure 9(a)) as expected 
under these crystallization conditions. Crystals obtained after extended periods under 
pressure had a mixture of two distinct crystal shapes. Approximately 70% of the crystal mass 
was comprised of the regular tetragonal crystals and about 30% were longer and had a 
slightly modified shape. Figure 9(b) shows the longer crystals obtained under 68 MPa after 6 
days. Lysozyme is known to crystallize in two distinct crystal forms, i.e. tetragonal and 
orthorhombic. The transition temperature between the two forms is 25 °C [7]. All 
experiments were carried out at room temperature (23 °C) which is very close to the 
transition temperature. Also, there could be a change in temperature due to compression (AT 
as a result of compression firom 0.1 to 100 MPa was calculated to be about 1 °C). 
Consequently, a modified crystal fi^om temperature rather than pressure effects could have 
resulted. Suzuki et al. [36] observed an increase in the ratio of the growth rate of {101} to 
{110} crystal faces at high pressures for lysozyme crystals which would lead to longer 
crystals, such as those appearing here. This finding together with the fact that only one 
crystal shape was present in those crystallizing at atmospheric pressure would support the 
claim that the altered shape is due to the pressure effects rather than temperature. 
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Figure 9. (a) Tetragonal crystals obtained at atmospheric pressure 
(b) Longer crystal obtained after 6 days at 680 atm 
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The shape factors used in obtaining the parameters at all the pressures were taken for 
equidimensional (length;width:height =1:1:1) crystals. Due to a small population of longer 
crystals that were obtained at higher pressures, shape factors were modified (k^ = 22 and kv = 
5) and the resulting fit of the concentration profile at 100 MPa that was obtained gave 
approximately 35% lower growth rate constant. Least square fitting using the modified shape 
factors is yet to be carried out. 
The reduced rate of crystallization under pressure could result from: 
1) Protein deactivation under pressure 
2) An increase in the solubiHty of the protein under pressure resulting in a decreased 
driving force for nucleation and growth 
3) Reversible conformational changes taking place under pressure. 
It is known that lysozyme is active up to pressxires as high as 500 MPa. An assay of 
the activity of the supernatant and crystals (re-dissolved) obtained under pressure (68 MPa) 
confirmed no loss of activity at the end of 4 weeks. To explain the reduced crystallization 
rates, it was proposed in the past that the equilibrium solubility of lysozyme is greater under 
pressure based on the assay of the supematant at the end of 30 days [34]. However, as 
reported in our previous work and by Schall et aL[37], we believe that due to a significant 
decrease in nucleation and growth rates the time required to reach an equiUbrium at high 
pressure would be much greater than 30 days and that the higher supematant concentration 
after 30 days was a result of equilibrium not being attained. 
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Supersaturated protein solutions have been found to contain stable aggregates which 
has led to the belief that protein crystal growth occurs by the attachment of an aggregate 
growth unit [46,47]. Application of high pressure might result in dissociation or re­
orientation of these aggregates leading to reduced nucleation and growth rates. We reported 
earlier that protein solutions pressxirized for a short time and then allowed to crystallize at 
atmospheric pressure resulted in higher nucleation than those crystallizing at atmospheric 
pressure [37]. To further test this hypothesis, samples subjected to 68 MPa for 6 days were 
allowed to crystallize at atmospheric pressure upon release of pressure. The soluble protein 
concentration dropped rapidly from 33.9 mg/mL to 24.6 mg/mL in 90 minutes after the 
release of pressure. This is consistent with the rapid nucleation upon release of pressure. The 
modified shape of crystals obtained under pressure also tends to corroborate our hypothesis 
that there could be a conformational change taking place under pressure which results in 
lower nucleation and growth rates under pressiure. 
The validity of the model was tested further by modeling the concentration profiles 
for various initial concentrations and comparing them to the experiments. Figure 10 shows 
the simulated concentration profiles using parameters from 37-39 mg/mL data for four 
different protein concentrations (20, 30,40 and 50 mg/mL) and the experimental points for 
two (20, 30 and 38 mg/mL) concentrations. The model fits the predicted profiles very well 
for the three protein concentrations. The number profile obtained for these initial 
concentrations is shown in Figure 11. 
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Figure 10: Simulated concentration profile for 4 different initial concentrations (20,30,40 
and 50 mg/mL). The experimental points are shown for initial concentrations of •, 38 
mg/mL, #,30 mg/mL, and •, 20 mg/nxL. 
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Figure 11: Simulated number profiles at various initial concentrations 
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4. Conclusions 
The population balance model was successfully adopted to obtain kinetic expressions 
for both nucleation and crystal growth as a fimction of supersaturation. Crystal size 
distribution (CSD) and/or the total number of crystals have to taken into account along with 
the concentration profile to properly describe the system. The kinetic expressions obtained 
for nucleation and growth rate at atmospheric pressure were as follows. 
Cases involving seeding can also be successfully modeled by changing the initial 
conditions appropriately. We hope that this approach not only provides the necessary 
thermodynamic and kinetic parameters for successful prediction of crystallization kinetics but 
would also help crystallographers obtain a smaller number of good quahty crystals. The total 
number of crystals predicted by the model would enable the design of conditions to 
successfully control nucleation and thus the total number of crystals. 
The effects of high pressure on the kinetics of crystallization were also evaluated. An 
approach similar to that used at atmospheric pressure was used to obtain the kinetic constants 
under pressure. Kinetic expressions for nucleation and crystal growth rate had the same 
general form as those obtained at atmospheric pressure, i.e. nucleation rate was proportional 
to the third power of supersaturation and growth rate was proportional to the second power of 
supersaturation at all three high pressures. The nucleation and growth rate constants. 
Nucleation rate: =7.71* 10 
Growth rate: 
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however, were an order of magnitude lower at high pressures. Upon release of pressure, the 
rapid nucleation occurring led to the hypothesis that the supersaturated protein solution is in a 
state of aggregation. These aggregates formed under pressure do not favor either nucleation 
or crystal growth. However, upon release of pressure, they rapidly reorient themselves, 
leading to the formation of a large number of nuclei. This hypothesis is supported by the 
modified crystal shape of the protein crystals obtained under pressure. 
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CHAPTER 6. GENERAL CONCLUSIONS 
A series of experiments were conducted to study the effect of pressure on lysozyme 
crystallization. A factorial experiment, with the level of pressure and time of pressurization 
as the two factors, indicated that there was no significant difference among the pressurized 
samples. However, ail the solutions subjected to short periods of pressure (10 min or 2 h), 
followed by a period of growth at atmospheric pressure (total time of 36 h) gave crystal 
yields twice as high as those left at atmospheric pressure. Samples subjected to high pressure 
for the full 36 h gave crystal recoveries lower than those kept at atmospheric pressure, 
indicating that extended periods of pressxuization significantly impeded the rate of 
crystallization. Microscopic observations confirmed that higher protein recoveries (in 
pressurized samples) were due to the increased nucleation in the pressurized samples. The 
activity and solubility of the protein was found to be unchanged as a result of pressure. 
In an attempt to quantify the effect of high pressure on the kinetics of lysozyme 
crystallization, a mathematical model was developed that successfully fit and predicted the 
kinetics of batch lysozyme crystallization at atmospheric and high pressures. It was shown 
that fitting of the concentration profile by itself is not sufficient to describe the system 
completely. Crystal size distribution and/or the total number of crystals have to be taken into 
account along with the concentration profile to describe the system more completely. An 
approach similar to the one used at atmospheric pressure was used to evaluate the kinetic 
constants under pressure. That is the experimental concentration profile along with the total 
number of crystals were fitted by the model to obtain the kinetic parameters. Kinetic 
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expressions for nucleation and crystal growth had the same general form as those obtained at 
atmospheric pressure, i.e. nucleation and growth rates were proportional to the third and 
second power of supersaturation, respectively. In contrast to the results obtained with glucose 
isomerase, where the protein crystallized 17 times faster under high pressures, the rate of 
lysozyme crystallization was significantly slowed under pressure. The nucleation and growth 
rate constants obtained for lysozyme crystallization at the higher pressures (340, 680 and 
1000 atm) were an order of magnitude lower than those obtained at atmospheric pressure. 
Although, the kinetic constants at the three pressures were significantly lower than the 
atmospheric pressure, there was only a small difference between the constants at the three 
pressures. 
A hypothesis was proposed to explain these observations. The aggregates formed in 
the crystallizing protein solutions under pressure favor neither nucleation nor growth. Upon 
release of pressure they rapidly re-orient themselves, resulting in marked increase in 
nucleation. This hypothesis is supported by the modified crystal habit of protein crystals 
obtained under pressure. 
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Recnmmendations for future work 
The kinetic model developed can be used in the design of crystallization experiments 
which would help reduce the material costs significantly. However, the model was developed 
using lysozyme as the model protein. The model needs to be tested on other proteins before a 
generalization can be obtained. 
The change in the crystallization behavior under pressure was hypothesized as a 
consequence of a change in the three-dimensional conformation of the protein. In-situ 
spectroscopic studies of crystallizing protein solutions under pressure could validate the 
hypothesis. 
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APPENDIX A 
HIGH PRESSURE EQUIPMENT, PRELIMINARY 
EXPERIMENTS AND CRYSTALLIZATION AT pH 9.5 
High Pressure Equipment: Description and Operation 
The apparatus used for pressurizing the sample is shown schematically in Figure 
A. 1. It consists of a hydrothermal pressure vessel made of stainless steel to withstand 
pressures as high as 400 MPa. The compressor is used to run a water pump that pumps 
water into the pressure chamber, which enables pressure to be developed in the pressure 
bomb. The pressure is generated by opening and closing of valves, and thus it takes 5 to 
10 sec to go from a pressure of 0.1 MPa to 1500 MPa. Once pressurized, the bomb is 
isolated from the rest of the system. Depressurization, which takes approximately 10 sec, 
is achieved by opening a valve. The apparatus is also equipped with a furnace (not used) 
that can be used to achieve temperatures as high as 800 °C (Petershagen J.H., 1981). The 
apparatus is located in the Department of Geology and Earth Sciences and belongs to Dr. 
B. E. Nordlie. 
85 
Distilled water 
Pressure 
Ceil Pressure 
gauge 
compressor 
Figure 1 Schematic of the High Pressure equipment 
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Preliminary Experiments 
The results presented in this section of the appendix were done to screen for 
conditions that could be studied in more detail in the experiments that followed. Lysozyme 
was the protein used, and was used as received. A completely randomized, unreplicated, 
three-factorial experiment with two levels of each factor was performed. The three factors 
were pressure (100 MPa and 150 MPa), time under pressiire (2 h and 8 h) and initial 
protein concentration (50 mg/mL and 80 mg/mL). Control samples were kept at 
atmospheric pressure (0.1 MPa) for both the initial concentrations. The total protein and 
activity recovered in the crystals as a percentage of initial supersaturation are shown in 
Table A.I. Since these experiments were done to screen for conditions and since they were 
not replicated, they were not published. 
High hydrostatic pressures are seen to give protein recoveries that were twice as 
high as those at atmospheric pressure for the same initial concentration. This was 
consistent for both initial concentrations, for both levels of pressure and for the two 
different time periods under pressure. Though the effects of pressure and time under 
pressure were not very consistent, the protein recoveries in Table A.l suggest that for both 
initial concentrations, 8 h under 150 MPa gave higher yields compared to 2 h under the 
same pressiu-e. The activity recovery showed similar trends and the percentage activity 
recovery was higher than the protein recovery. 
Having determined that the high pressure had a strong influence on the crystalline 
protein recovery, the rate of decrease in concentration of the supernatant was monitored. 
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Table 1: Results of the preliminary experiments showing the effect of time and level of 
pressure on the crystalline protein and activity recoveries 
Time Under 
Pressure (h) 
Cone. 
(mg/mL) 
Pressure 
(MPa) 
Protein 
Recovery 
(%) 
Activity 
Recovery 
(%) 
8.0 80 150 91.9 98.7 
8.0 80 100 70.0 85.5 
8.0 80 0.1 53.4 82.72 
8.0 50 150 103.7 136.7 
8.0 50 100 65.1 91.1 
8.0 50 0.1 38.7 62.6 
2.0 80 150 73.6 67.8 
2.0 80 100 87.1 93.3 
2.0 80 0.1 53.4 82.7 
2.0 50 150 60.7 96.1 
2.0 50 100 49.2 80.6 
2.0 50 0.1 38.7 63.3 
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Five samples were independently subjected to 100 MPa for 2 hours and allowed to 
crystallize for 34 h at atmospheric pressure. Five similar samples were prepared and were 
allowed to crystallize at atmospheric pressure. Samples were centrifliged and the 
supernatant was assayed after 2.5,12,24 and 57 hours from the time of sample 
preparation. The decrease in concentration with time in both cases (pressure treated and no 
pressure treatment) is plotted in Figure A.2. It can be seen that the sample subjected to 
presstire crystallizes faster than the one not subjected to pressure. 
The data obtained were not replicated so there was a degree of uncertainty 
associated with the protein recovery. The calculated activity recoveries were higher than 
100% in some cases, which is not possible. Additional experiments with replication were 
then performed to identify, if any, the effect of time of pressurization and level of pressure, 
the results of which are presented in the first manuscript. 
To see if the increase in protein yields in the crystals was due to the rapid 
pressurization or de-pressurization, experiments were done with short times under pressure 
but with rapid pressure swings. The pressure treated samples were then allowed to crystallize 
at atmospheric pressure for a total time of 36 h. The pressure used in all the runs was 100 
MPa. Four cases were considered. 
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Figure 2: Decrease in protein concentration with time. A comparison of the atmospheric 
and pressure treated (2 h under pressure) concentration profiles. Initial protein 
concentration was 37.1 mg/mL in both cases 
1) Pressurize for 10 minutes 
2) Pressurize for 5 minutes and release pressure and then immediately 
pressurize for an additional 5 minutes. 
3) Pressurize for 3.33 min and release and then immediately 
pressiuize for 3.33 min and repeat the process once again so that 
the total time under pressure is 10 minutes. 
4) Pressurize for 1 h, release and then pressurize for another 1 h. 
The protein recovery in all the above cases are shown in Table A.2. All the 
recoveries shown are repUcates of two independent experiments. It can be seen that the 
rapid pressure swings did not increase the protein recovery. 
Table 2: Results of the experiments to see the effect of pressure swings on the protein 
recovery. Following the pressure treatment each of the samples was allowed to crystallize 
at 0.1 MPa for the remaining of the 36 hours. 
100 MPa Pressure 
Treatment 
Protein 
Recovery 
(%) 
10 min 52.7 
5 min under pressure, 
release pressure and 5 
more min under pressure 
40.7 
3.33 min under pressure, 
release, 3.33 min under 
pressure, release and 3.33 
min under pressure. 
41.0 
1 hour under pressure, 
release and 1 hour under 
pressure 
47.3 
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Effect of Pressure on Lysozyme Crystallization (Close to Iso-electric Point) 
Lysozyme was first crystallized fi-om hen egg white at its iso-electric point (pH 
10.5), and can be crystallized in different crystal forms over a range of pH 4.0-11.0 
(Alderton and Fevold, 1946). In this section the effect of high pressxire on the rate of 
crystallization of lysozyme at pH 9.5 are presented. The experimental protocol is similar to 
the ones described in chapters 4 and 5 and the protein was used as-received. The only 
changes were that Tris buffer (pH 9.5) was used instead of the acetate buffer and the final 
protein concentrations in the crystallizing solutions was 20-25 mg/mL. 
A factorial experiment with level of pressurization and time under pressure as the 
two factors was conducted with foiu- levels of pressure (34, 68,100 and 134 MPa) and 
three times under pressure (0.5,1.0 and 1.5 h). Protein recovery in the crystals was 
obtained after 4 h and 6 h of crystallization. The total time of crystallization (4 and 6 h) 
includes the time under pressure followed by a period of growth at atmospheric pressure. 
Figures A.3 and A.4 show the effect of pressurization on the crystalline protein 
recovery after 4 and 6 h respectively. All the samples subjected to pressure treatments 
gave significantly higher yields at the end of 4 and 6 h compared to the control sample, 
crystallizing at atmospheric pressure. However, there were no differences between the 
pressure treatments. Thus even at this high pH the general trend followed is similar to that 
at pH 4.5, i.e. short times under pressure followed by a period of growth at atmospheric 
pressure resulted in significantly higher crystalline protein recoveries as opposed to those 
not subjected to any pressure treatment. 
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The effect of extended periods under pressure was obtained by pressurizing samples 
to 3, 6,9,12 and 24 h of pressure (34 or 134 MPa) and comparing the protein recovery of the 
pressurized samples to the control at atmospheric pressure. Figure A.5 shows the crystal 
yields of the atmospheric and pressurized samples. No significant differences can be seen 
between the three pressure treatments. This is in sharp contrast to the results obtained at 
acidic pH (4.5) where extended periods under pressure significantly lowered the rate of 
crystallization. 
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Figure 3. Effect of level and time of pressurization on the percent of initial lysozyme 
concentration (as determined by protein assay) recovered as crystals. Points plotted are 
averages of replicate crystallizations. Total time for crystallization was 4 h in all cases, with 
the time after pressurization being at atmospheric pressure. Initial protein concentration was 
23mg/mL. 
94 
100 
<u 
> 
o CJ 
<u 
0:^  
c 
'S 
o 
m atm 
m 5000 psi 
M 10000 psi 
• 15000 psi 
• 20000 psi 
Time under Pressure (h) 
Figure 4. Effect of level and time of pressurization on the percent of initial lysozyme 
concentration (as determined by protein assay) recovered as crystals. Points plotted are 
averages of replicate crystallizations. Total time for crystallization was 6 h in all cases, with 
the time after pressurization being at atmospheric pressure. Initial protein concentration was 
23mg/mL. 
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Figure 5. Effect of level and time of pressurization (i.e. extended periods under pressure) on 
the percent of initial lysozyme concentration (as determined by protein assay) recovered as 
crystals. Points plotted are averages of replicate crystallizations. Initial protein concentration 
was 23mg/mL. 
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APPENDIX B 
COMPUTER PROGRAMS 
Program 1 
The first program solves the four moment equations simultaneously giving the 
concentration profile [c(t)], cumulative number (N), area A), length (L) profiles. Four initial 
conditions are provided, i.e. initial protein concentration (cq) and initial values for N, A and L 
(all three of which were taken to be zero). A total batch time of 170 h was used in the 
simulation, with a thousand intervals in time. This program uses subroutines firom the NAG 
library, the routines being, D02PCF, D02PVF, D02PYF. The set of differential equations to 
be solved are provided to the program through another subroutine F. 
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This program solves the four moment equations simultaneously giving 
the concentration profile, cumulative number, area, length profiles. 
This program uses three subroutines firom the NAG library and one provided by the user 
describing the set of differential equations to be solved. 
INTEGER NOUT 
PARAMETER (N0UT=6) 
INTEGER NEQ, LENWRK, METHOD 
PARAMETER (NEQ=4,LENWRK=32*NEQ>IETHOD=l) 
DOUBLE PREQSION ZERO, ONE, TWO, ccal(1200) 
PARAMETER (ZERO=0.0D0,ONE=1.0D0,TWO=2.0D0) 
.. Local Scalars.. 
DOUBLE PREaSION HNEXT, HSTART, PL TEND, TGOT, TINC, TOL, TSTART, 
+ TWANT, WASTE 
INTEGER L IFAIL, J, L, NPTS, STPCST, STPSOK, TOTF 
LOGICAL ERRASS 
.. Local Arrays.. 
DOUBLE PRECISION THRES(NEQ), WORK(LENWRK), YGOT(NEQ), YMAX(NEQ), 
+ YPGOT(NEQ), YSTART(NEQ) 
.. Extemal Functions.. 
DOUBLE PREQSION XOIAAF 
EXTERNAL XOIAAF 
.. Extemal Subroutines.. 
EXTERNAL D02PCF, D02PVF, D02PYF, F 
.. Executable Statements.. 
WRITE (NOUT,*) 'D02PCF Example Program Residts' 
Set initial conditions and input for D02PVF 
PI = XOIAAF(ZERO) 
TSTART = ZERO 
YSTART(1) = ZERO 
YSTART(2) = ZERO 
YSTART(3) = ZER0 
YSTART(4) = 38.0D-3 
TEND = 170.0 
DO 20 L = 1, NEQ 
THRES(L) = l.OD-8 
20 CONTINUE 
ERRASS = .FALSE. 
HSTART = ZERO 
Set control for output 
NPTS = 1000 
TINC = (TEND-TSTART)/NPTS 
DO 60 1 = 1, 1 
IF(I.EQ.1)T0L = l.OD-4 
IF (I.EQ.2) TOL = l.OD-4 
IFAIL = 0 
CALL D02PVF(NEQ,TSTART,YSTART,TEND,TOL,THRES,METHOD, 
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+ 'UsualTask',ERRASS3START,W0RK,LENWRK4FAIL) 
m 
* WRITE (NOUT,'(/A4)8.1)') 'Calculation with TOL =', TOL 
* WRITE (N0UT;(/A/)') • t yl yT 
* WRITE (NOUT,'( 1XJ^6.3,4(3X,F7.3))') TSTART, 
* + (YSTART(L)J-=1,NEQ) 
WRITE (»,•) TSTART, ystait(4)»1.0d3, ystart(I) 
DO 40J = NPTS-1,0,-1 
TWANT = TEND - J»TINC 
IFAIL=1 
CALLD02PCF(F,TWANT,TGOT,YGOT,YPGOT,YMAX,WORK,IFAIL) 
* 
» WRITE (NOUT,'( 1XJ6.3,2(3XJF7.3))') TGOT, 
* + (YG0T(L)X=1,NEQ) 
WRITE (•,*) tgot, YGOT(4)»1.0D3, ygot(l) 
* WRITE (*,*) tgot, ygot(l) 
* ccalO) = ygot(4)* 1.0d3 
40 CONTINUE 
* 
* write (nout,*) ccal(893), ccal(840), ccal(733), ccal(560) 
* write (nout,*) ccal(407), ccal(253), ccal(87) 
IFAIL = 0 
CALLD02PYF(TOTF,STPCST,WASTE,STPSOK,HNEXT,IFAIL) 
* WRITE (NOUr,'(/A,I6)') 
* + ' Cost of the integration in evaluations of F is', TOTF 
60 CONTINUE 
STOP 
END 
SUBROUTINE F(T,Y,YP) 
* .. Scalar Arguments .. 
DOUBLE PRECISION T 
* .. Array Arguments .. 
DOUBLE PRECISION Y(»), YP(») 
YP(1) = 12.43d-2»(((Y(4)/7.0D-3)-1.0)**3.0) 
YP(2) = Y(l)»11.625d-5»(((Y(4)/7.0D-3)-1.0)**2.0) 
YP(3) = 2.0*6.0* Y(2)» 11.625d-5»(((Y(4)/7.0D-3)-1.0)**2.0) 
YP(4) = -3.0*1.45*(1.0/6.0)*Y(3)*11.625d-5* 
^ (((Y(4)/7.0D-3)-1.0)*»2.0) 
RETURN 
END 
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Program 2 
This program solves the four moment equations simultaneously together with the 
mass balance equation, to fit the simulated concentration profile by a method of least squares. 
Initial guess values for the three parameters to be obtained are provided to the program 
together with a reasonable range (upper and lower bounds) of the parameters. The program 
searches for an appropriate set of these three parameters by minimizing the least square error. 
The program makes use of a subroutine taken from the NAG library, the routine being 
E04JAF. The function to be minimized is provided by the user in another subroutine 
FUNCTl. 
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This program solves the four moment equations together with the 
mass balance equation to fit the simulated concentration profile 
by least squares method. 
The program is taken from the NAG h"brary, the program being, E04JAF 
E04JAF Example Program Text 
Mark 14 Revised. NAG Copyright 1989. 
.. Parameters.. 
INTEGER N, LIW, LW 
PARAMETER (N=3,LIW=N+2XW=N*(N-l)/2+12»N) 
INTEGER NOUT 
PARAMETER (N0UT=6) 
.. Local Scalars.. 
DOUBLE PREQSION F, XI, X2, X3, X4 
INTEGER EBOUND, IFAIL, J, kk 
.. Local Arrays .. 
DOUBLE PREQSION BL(N), BU(N), W(LW), X(N) 
COMMON A^LES/ XI, X2, X3, X4, kk 
INTEGER IW(6) 
.. External Subroutines.. 
EXTERNAL E04JAF 
.. Executable Statements.. 
WRITE (NOUT,*) 'E04JAF Example Program Results' 
X(l) = 12.43D-2 
X(2) = 1.089D-4 
X(3) = 3.0 
X(4) = 2.0 
IBOUND = 0 
BL(1)= l.OD-5 
BU(1) = 1.0D0 
BL(2) = l.OD-6 
BU(2) = l.OD-2 
BL(3) = 2.0 
BU(3) = 5.0 
BL(4) = 2.0 
BU(4) = 5.0 
IFAIL = 1 
kk= 1 
CALL E04JAF(N,IBOUND,BL,BU,X,F,IW,LIW,W,LW,IFAIL) 
IF (IFAIL.NE.0) THEN 
WRITE (NOUT,») 
WRITE (NOUT,99999) 'Error exit type', IFAIL, 
+ ' - see routine document" 
END IF 
IF(EFAIL.NE.1)THEN 
WRITE (NOUT,*) 
WRITE (NOUT,99998) 'Function value on exit is', F 
WRITE (NOUT,99997) 'at the point', (X(J),J=1,N) 
END IF 
STOP 
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* 
99999 FORMAT (IXAB^A) 
99998 FORMAT {1XAF8.4) 
99997 FORMAT (1X^,4F9.7) 
END 
m 
SUBROUTINE FUNCT1(N,XCJ^C) 
* Routine to evaluate objective function. 
* This routine must be called FUNCTl. 
* .. Scalar Arguments .. 
DOUBLE PREQSION FC, CA(10),CCAL(1100), TI(10) 
INTEGER N, kk 
* .. Array Arguments .. 
DOUBLE PREaSION XC(N) 
* .. Local Scalars .. 
DOUBLE PRECISION XI, X2, X3, X4 
COMMON A^LES/ XI, X2, X3, X4, kk 
* .. Executable Statements .. 
X1=XC(1) 
X2 = XC(2) 
X3 = XC(3) 
* X4 = XC(4) 
* D011K=1,8 
» OPEN (UNIT=12, FILE='conc2_d', STATUS='OLD') 
» READ (12, *) TI(K), CA(K) 
* 11 CONTINUE 
CALL CONCAL(CCAL) 
* write (6,*) ccal(893), ccal(840), ccal(733), ccal(560) 
* write (6,*) ccal(407). ccal(253). ccal(87) 
FC = (CCAL(859) - 39.2D0)+ 
» + (CCAL(576) - 37.3D0)*«2 -f- (CCAL(435) - 37.7D0)»*2 + 
* + (CCAL(294)-33.6D0)**2-^(CCAL(153)-33.9D0)**2 + 
* + (CCAL(12).34.6D0)»*2 
FC = (CCAL(953) - 36.7D0)»*2+ (CCAL(906) - 28.8D0)»*2 + 
+ (CCAL(859) - 21.5D0)**2 + (CCAL(718) - 16.2D0)**2 + 
(CCAL(576) - 14.3D0)**2 + (CCAL(435) - 11.7D0)»»2 -
(CCAL(294) - 11.0D0)*«2 + (CCAL(I53) - 8.2D0)**2 
+ (CCAL(12)-9.4D0)**2 
* write (6, •) FC 
write (6, 99) kk.FC,Xl«1.0d3, X2*1.0d5. X3 
99 format (i4, Ix, 5(2x,fl2.6)) 
kk = kk+ 1 
RETURN 
END 
SUBROUTINE CONCAL(CCAL) 
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INTEGER NOUT 
PARAMETER (N0UT=6) 
INTEGER NEQ, LENWRK, METHOD 
PARAMETER (NEQ=4,LENWRK=32»NEQ>IETHOD=l) 
DOUBLE PREQSION ZERO, ONE, TWO, XI, X2, X3, X4 
PARAMETER (ZERO=0.0D0,ONE=1.0D0,TWO=2.0D0) 
.. Local Scalars.. 
DOUBLE PREaSION HNEXT, HSTART, PL TEND, TGOT, TINC, TOL, TSTART, 
+ TWANT, WASTE 
INTEGER L IFAIL, J, L, NPTS, STPCST, STPSOK, TOTF 
.. External Subroutines.. 
LOGICAL ERRASS 
.. Local Arrays.. 
DOUBLE PREaSION THRES(NEQ), WORK(LENWRK), YGOT(NEQ), YMAX(NEQ), 
+ YPGOT{NEQ), YSTART(NEQ), CCAL( 1100) 
COMMON A^LES/ X1,X2, X3, X4 
.. External Functions.. 
EXTERNAL D02PCF, D02PVF, D02PYF, F 
.. Executable Statements .. 
Set initial conditions and input for D02PVF 
TSTART = ZERO 
YSTART(1) = ZER0 
YSTART(2) = ZER0 
YSTART(3) = ZER0 
YSTART(4) = 38.0D-3 
TEND = 170.0 
DO 20 L = I, NEQ 
THRES(L) = l.OD-8 
20 CONTINUE 
ERRASS = JALSE. 
HSTART = ZERO 
Set control for output 
NPTS = 1000 
TINC = (TEND-TSTART)/NPTS 
DO 60 I = 1, 1 
IF (I.EQ.1) TOL = l.OD-4 
IF (I.EQ.2) TOL = l.OD-4 
IFAIL = 0 
CALL D02PVF(NEQ,TSTART,YSTART,TEND,TOL.THRES.METHOD, 
+ 'Usual Task',ERRASS,HSTART.WORK.LEN\VRK.IFAlL) 
D0 40 J = NPTS- 1,0,-1 
TWANT = TEND - J*TINC 
IFAIL = 1 
CALL D02PCF(F,TWANT,TGOT.YGOT,YPGOT,YMAX.WORK,IFAIL) 
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CCAL(J) = YGOT(4)*1.0d3 
40 CONTINUE 
IFAIL = 0 
CALLD02PYF(TOTF,STPCST,WASTE,STPSOK3NEXT,IFAIL) 
WRITE (N0UT,'») TROGRAM RUNNING, DONT PANIC 
60 CONTINUE 
RETURN 
END 
SUBROUTINE F(T,Y,YP) 
.. Scalar Arguments.. 
DOUBLE PRECISION T, XI, X2, X3, X4 
.. Array Arguments.. 
DOUBLE PRECISION Y(»), YP(») 
COMMON A^LES/ XI, X2, X3, X4 
.. Executable Statements.. 
YP(1) = XP(((Y(4)/7.0D-3)-1.0)*»X3) 
YP(2) = Y(l)»X2'(((Y(4)/7.0D-3)-1.0)*»2.0) 
YP(3) = 2.0*6.0*Y(2)»X2»(({Y(4)/7.0D-3)-1.0)*»2.0) 
YP(4) = -3.0»1.45*(1.0/6.0)»Y(3)»X2* 
+ (((Y(4)/7.0D-3)-1.0)»*2.0) 
RETURN 
END 
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Program 3 
This program solves the partial differential equation to give the crystal size 
distribution. The nucleation and growth rate models (together with the model parameters) are 
provided to the program. The concentration profile obtained by the least square fitting is also 
provided to the program. This program uses the impUcit approximation of wendorf to solve 
the partial differential equation. 
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This program integrates a partial difTerential equation 
to give a crystal size distribution. The models for nucleation 
and growth rate are given to the program. This routine uses the 
implicit approximation of wendorf to solve the pde. 
INTEGER NOUT, I, J,IWJ«IPTST,NPTSX 
PARAMETER (N0UT=6, IW=2600,NPTST=1001,NPTSX=2501) 
PARAMETER (T0L=1 .OD-4, AV=1 .ODO, RHO=1.45DO) 
INTEGER IT, K, KK 
DOUBLE PREQSION BONRATE,GRHRATE,DXJ)TJP,CONST,CONSTEA3 
DOUBLE PREQSION T0TNUM,T0TMAS,CZER0,C0NC1,TNUM,TMAS 
DOUBLE PREQSION SIZE(IW,IW), X(IW), CONC(IW) 
INTRINSIC EXP, LOG, SQRT 
Initial values, values of length set between zero and 
half a centimeter. 
TF= l.ODO 
DT = TF/NPTST 
TMAX = 170.0D0 
XMAX = 0.5D0 
DX = l.OdO/NPTSX 
DO 10K=1,NPTST 
OPEN (UNIT=12, FILE='a9conc', STATUS='OLD') 
READ (12,») CONC(K) 
10 CONTINUE 
DO 20K=1,NPTSX 
X(K) = (1.0DO/XMAX)»O.5DO*((K-l.ODO)/(NPTSX-l.ODO)) 
20 CONTINUE 
Starting concentration czero is say 40 mg/ml 
CZERO = 37.0D0 
DO 30KK = 2,NPTSX 
CONST = 1.0D0/(1.0D-2»(SQRT(2.0D0*3.14D0))) 
CONSTE = -1.0D0»((X(KK)-5.0D-3)**2.0D0) 
SIZE(1,KK) = CONST'»EXP{CONSTE/(2*((1.0D-2)**2))) 
SIZE(1,KK) = O.OdO 
30 CONTINUE 
Growthrate and nucleation rate are evaluated along the boundary 
Assume concentration at the first grid point along t 
and calculate the nucleation and growth rates. 
GRHRATE = 1.456D-5*1.0D0^(({CONC(l)/7.0D0)-1.0D0)**2.0D0) 
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BONRATE= 5.6133D-2»((conc(l)/7.0D0- I.0d0)*»9.0) 
* 
SIZE(1,1) = BONRATE/GRHRATE 
• WRITE (N0UT,«)SIZE(1,1) 
• CONC = CZERO-0.1D0 
PP=DX/DT 
A=1.0D0 
DO 501 = I, NPTST-I 
CONCl = (C0NC(I+1) + CONC(I))/2.0 
61 GRHRATE= 1.456D-5*1.0D0*(((CONCl/7.0D0)-1.0D0)**2.0D0) 
* 
BONRATE= 5.6133D-2*((concl/7.0D0- 1.0d0)**9.0) 
SIZEa+1,1) = BONRATE/GRHRATE 
TOTNUM = DX •xmax* SIZE(I+1,1) 
TOTMAS = I.OD3*TOTNUM*AV»((DX*xmaxy2.0)*«3.0DO)*RHO 
B = (GRHRATE»TMAXOT^IAX) 
* 
DO 60 J = 1, NPTSX-1 
* 
* Values of time and length increments, DT is the increment in time 
* and DX is the increment in length 
* 
SIZE(I+1,J+1) = SIZE(I,J)+((B-A»PP)/(B+A«PP))* 
+ (SIZE(I+1,J) - SIZE(I,J+l)) 
TNUM = DX »xmax» SIZE(I+1,J+1) 
TMAS = 1.0D3»TNUM*AV»((xmax»X(J+l))**3.0DO)*RHO 
TOTNUM = TOTNUM + TNUM 
TOTMAS = TOTMAS + TMAS 
* write (nout, *) tomum, totmas 
60 CONTINUE 
CONCl = CONC - TOTMAS 
write (nout,*) conc, concl, totmas 
IF (ABS(CONC-CONCl).GE.TOL) THEN 
CONC = (CONC + CONCl)/2.0D0 
GO TO 61 
ELSE 
write (nout,99) i, conc(i), tomum, (conc(i)+totmas) 
99 format (Ix, 13, 3F1G.5) 
write (nout,*) i, tomum 
CONC = CONC-0.1 DO 
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• CZERO = CONCl 
* ENDIF 
50 CONTINUE 
« 
DO 701 = 1, NPTST, 100 
WRITE(NOUT, •) Time =•, a*170)/1001, Tirs' 
DO 80 J =1,275 
WRITE(NOUT, *) X(J)»0.5, SIZE(I,J) 
80 CONTINUE 
70 CONTINUE 
STOP 
END 
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